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foreword 


The  Office  of  the  Director  of  Defense  Research  and  Engineering, 
conducted  a four-day  symposium  and  workshop  at  the  U.  S- 
Force  Academy  in  Colorado  Springs,  Colorado,  from  6-9  December 
1976.  The  purpose  was  to  bring  together  members  of  the  optical 
systems  development,  atmospheric  sciences  (optical  propagation), 
and  meteorological  communities  to  review  activities,  summarize 
problems,  and  establish  priorities  for  resolving  deficiencies  in 
atmospheric  propagation  research. 

The  overall  goal  of  DoD  sponsored  propagation  research  and 
development  is  to  provide  the  know-how  for  estimating  and  pre- 
dicting the- effects  of  the  propagation  environment  (anywhere  in 
the  world)  on  DoD  weapons  and  communications  systems  perform- 
ance. One  particular  goal  is  to  relate  bulk  parameters  of  the 
atmosphere  measurable  in  the  tactical  environment  to  performance 
of  defense  systems  to  aid  in  assessing  field  employment  oppor  um  i 
and  selecting  optimum  systems  for  particular  missions.  A secon 
goal  is  to  achieve  an  understanding  of  the  effect  of  t e environme 
on  system  design  parameters  to  permit  design  optimization. 

The  conference  emphasized  low  power  and  passive  tactical  appli- 
cations in  the  visual  and  IR  spectrum,  but  included  some  topics 
relating  to  strategic  applications  and  the  submillimeter  region. 

The  symposium  consisted  of  a formal  session  and  two  workshop 
sessions.  During  the  formal  session,  invited  and  contributed  papers 
were  presented  to  provide  a common  frame  of  reference  for  e 
workshop  discussions.  Three  topical  areas  were  covered  during  the 

formal  session: 

Optical  Systems  Performance  - What  are  critical  propa- 
gation performance  thresholds  for  EO  imaging  systems,  guidance 
systems,  and  communications  systems 

Optical  Propagation  Physics  - What  are  capabilities  of 
various  models,  simulation  techniques,  and  measurement  systems 
to  represent  the  propagation  environment?  What  meteorological 
parameters  are  required  to  support  the  propagation  prediction  capa- 
bilities? What  are  the  current  and  planned  investigations  1 
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to  measure  or  otherwise  define  the  state  of  the  atmosphere  for 
propagation  prediction?  What  data  bases  exist?  How  can  these  data 
bases  be  used  to  build/design  climatologies?  What  are  the  future 
plans  to  improve  environmental  prediction  for  optical  defense  systems? 

Following  the  formal  session,  the  participants  were  split  into  four 
working  groups  according  to  scientific  area  to  discuss  major  research 
and  development  technology  needs  across  the  systems,  physics,  and 
meteorology  science  areas.  After  the  technology  needs  were  pre- 
sented for  each  scientific  area,  the  working  groups  were  reconstituted 
by  application  area  to  prioritize  the  needs  by  urgency  and  difficulty. 

The  intent  was  to  have  each  participant  serve  on  one  scientific  and  one 
applications  working  group. 

A general  review  of  conclusions  and  open  discussion  concluded  the 
conference. 


This  volume  presents  the  unclassified  papers  submitted  for  presen- 
tation at  the  conference.  A companion  volume  (Volume  2)  contains 
the  classified  papers. 


Systems  Technology  Military  Assistant  for 

Environmental  Sciences 


i 


11 


TABLE  OF  CONTENTS 
VOLUME  1 

1 

Pa4_e 

1. 

Atmospheric  Effects  on  Army  IR  Laser 
Guidance  Systems 
Lilly,  J.  Q. 

1 

2. 

Optical  Communications  in  the  Marine 
Boundary  Layer 

Mooradian,  G.  C, 

Geller,  M. 

Giannaris,  R.  J. 

13 

3. 

Submillimeter  Wave  Propagation  - A Survey 
Gamble,  W,  L. 

Guenther,  B.  D. 

35 

4. 

Submillimeter  System  for  Imaging  Through 
Inclement  Weather 
Hartman,  R.  L. 

Gamble,  W.  L. 

Guenther,  B.  D. 

Kruse,  Paul  W. 

41 

5. 

System  Engineering  in  Limited  Visibility 
Peterson,  D.  R. 

Blanton,  V.  D. 

Stamps,  M.  P. 

Fowler,  B.  W. 

53 

6. 

Water  Vapor  Line  and  Continuum  Absorption 
Measurements  in  the  Infrared  Region 
White,  Kenneth  O. 

Watkins,  Wendell  R. 

Bruce,  Charles  W. 

63 

7. 

Atmospheric  Transmission  Modeling  for  DF 
Laser  Propagation 
Meredith,  R.  E. 

Tuer,  T.  W. 

Woods,  D.  R. 

79 

TABLE  OF  CONTENTS 
VOLUME  1 (Cont'd) 


Page 

8.  Propagation  Modeling  for  E-O  Sensors  95 

Fowler,  B.  W. 

Peterson,  D.  R. 

9.  Atmospheric  Transmission  Modeling:  Proposed  103 

Aerosol  Methodology  With  Application  to  the 
Grafenwohr  Atmospheric  Optics  Data  Base 

Roberts,  Robert  E. 

10.  Complex  Refractive  Index  of  Atmospheric  Particulate  135 
Matter  - Current  State  of  Knowledge  from  E-O 

Systems  Effects  Point  of  View 
Lindberg,  James  D. 

Gillespie,  James  B. 

11.  Aerosol  Size  Distribution  Measurements  for  147 

Radiation  Transfer  Modeling 
Pinnick,  R.  G. 

Hoihjelle,  D.  L. 

Fernandez,  G. 

12.  Effect  of  Relative  Humidity  on  Aerosol  Size  155 

Distribution  and  Visibility:  Modelling  Studies 

Fitzgerald,  James  W. 

13.  Fog  Climatology  in  Central  Europe  and  Inferred  165 

Propagation  Characteristics 

Essenwanger,  O.  M. 

Stewart,  D.  A. 

14.  The  Nature  of  Gun  Smoke  and  Dust  Obscuration  181 

Due  to  Cannon  Firing 

Stucbing,  E.  W. 

Verderame,  F.  D. 

Doherty,  R.  W. 

Pinto,  J.  J. 

Lucia,  E.  A. 

Vinansky,  G. 


TABLE  OF  CONTENTS 
VOLUME  1 (Cont'd) 


- 


Page 

15.  Optical  Aerosol  Models  and  Light  Scattering  209 

Programs 

Fenn,  R.  W. 

Shettle,  E.  P. 

16.  Atmospheric  Turbulence  Measurements  at  AMOS  245 

Hanson,  Donald  W. 

17.  Optical  Propagation  Through  Turbulence  in  the  255 

Marine  Boundary  Layer 

Crittenden,  E.  C.,  Jr. 

Cooper,  A.  W. 

Milne,  E.  A. 

Rodeback,  G.  W. 

Kalmbach,  S.  H. 

Armstead,  R.  L. 

Land,  D. 

Katz,  B. 

18.  Description  of  Optically  Relevant  Turbulence  273 

Parameters 

Davidson,  K.  L. 

Fairall,  C. 

Houlihan,  T. 

Schacher,  G. 

Hinsman,  D. 

19.  A Program  for  EO  Systems  Performance  289 

Prediction  in  the  Atmosphere 

Lutomirski,  R.  F. 

Shapiro,  A.  R. 

20.  Weather  Support  to  Electro-Optical  Systems  505 

Hodges,  Donald  B. 

Wachtmann,  Ronald 
Try,  Paul  D. 

Johnson,  William  F. 

Dickson,  Edwin  B. 

21.  The  Content  and  Some  Limitations  of  Meteorological  319 

Data  Bases  Available  for  Optical  Propagation  Studies 

Mendenhall,  Laurence  D. 


A 


TABLE  OF  CONTENTS 
VOLUME  1 (Cont'd) 


1 


PaB*-‘ 

22.  Development  of  New  Meteorological  Services  for  341 

EO  Systems 

Ruhnke,  Lothar  H. 

23.  Seeing  Through  the  Atmosphere  347 

Lund,  Iver  A. 

24.  Probability  of  Occurrence  for  Marine  Optical  3 59 

Parameters 

Katz,  B.  S. 

25.  A Preliminary  Comparison  of  High  and  Low  Reso-  37  5 

lution  Atmospheric  Transmission  Measurements 

Bergemann,  R. 

Sola,  M. 

Dowling,  J.  A. 

Haught,  K.  M. 

Horton,  R.  F. 

Walsh,  J.  L. 

Roberts,  R. 

26.  Atmospheric  Transmission  Field  Experiments  377 

Using  IR  Lasers,  Fourier  Transform  Spectroscopy 

and  Gas  Filter  Correlation  Techniques 
Dowling,  J.  A. 

Haught,  K.  M. 

Horton,  R.  F. 

Hanley,  S.  T. 

Curcio,  J.  A. 

Garcia,  D.  H. 

Gott,  C.  O. 

27.  An  Aerosol  Measurement  System  for  Laser/  403 

Aerosol  Interaction  Studies 

Trusty,  Gary  L. 

Cosden,  Thomas  H. 

28.  Testing  the  Standard  Marine  Atmosphere  Concept  415 

Gathman,  Stuart 


vi 


A 


w 

TABLE  OF  CONTENTS 
VOLUME  1 (Cont'd) 

Pa^e 

29. 

A Facility  for  Characterization  of  Targeting 
Systems 

Pryce,  James  D. 

Kelly,  Edward  H. 

427 

30. 

Definition  of  the  Propagation  Environment  With 
a Portable  Long-Baseline  Transmissometer 
Gerber,  H.  E. 

Stilling,  R.  K. 

Buser,  R.  G. 

Rohde,  R.  S. 

433 

31. 

The  Advanced  Optical  Test  Facility 
Spencer,  James  L. 

443 

32. 

Maritime  Atmospheric  Characterization  at  the 
San  Nicolas  Island  Facility 
Wilkins,  Lowell 
Shlanta,  Alexis 

455 

33. 

Micro-Meteorological  Measurements  for  Electro- 
Optical  Propagation  Tests  at  White  Sands  Missile 
Range 

Hoidale,  Glenn  B. 

Walters,  Donald  L. 

Norton,  Colburn  L. 

Pries,  Thomas  H. 

46  5 

| 1 

34. 

Evaluation  of  the  Propagation  Environment  Using 
Laser  Radar  Techniques 
Uthe,  Edward  E. 

475 

35. 

High  Energy  Laser  Propagation  Meteorological 
Sensitivity  Analysis 
Cordray,  D. 

Fitzgerald,  J. 

Gathman,  S. 

Hayes,  J. 

Kenney,  J. 

Mueller,  G. 

Ruskin,  R. 

491 

k.  

vii 

This  paper  is  UNCLASSIFIED 


ATMOSPHERIC  EFFECTS  ON  ARMY  IR  LASER  GUIDANCE  SYSTEMS 

J.  Q.  Lilly 

US  Army  Missile  Research,  Development  & Engineering  Laboratory 
US  Army  Missile  Command,  Redstone  Arsenal,  Alabama  35809 


Abstract 


This  paper  describes  efforts  to  model  atmospheric  effects  on  IR 
laser  terminal  homing  guidance  systems.  A theoretical  model  is  le- 
scribed  to  rapidly  calculate  the  time  dependent  beam  wander  due  to 
atmospheric  turbulence  and  results  presented  to  illustrate  the  magni- 
tude of  expected  spot  sizes  and  movement  about  the  target  aim  point 
for  an  IR  laser  designator  tactical  situation.  The  effects  of  attenua- 
tion of  the  atmosphere  by  molecular  absorption  and  aerosol  absorption 
and  scattering  are  included  in  the  model  using  a program  developed  for 
the  Army  Atmospheric  Sciences  Laboratory  at  New  Mexico  State  University. 
The  program  developed  at  NMSU  utilizes  the  McClatchey  line  parameters 
compilation  and  performs  Mie  theory  calculations  to  estimate  aerosol 
absorption  and  scattering  effects.  Results  are  presented  to  illustrate 
the  magnitude  of  attenuation  expected  for  typical  atmospheric  condi- 
tions . 


INTRODUCTION 


One  of  the  major  effects  of  the  atmosphere  which  tend  to  degrade 
the  performance  of  laser  guidance  systems  is  caused  by  random  air 
temperature  variations  produced  by  air  turbulence  along  the  path  of  a 
laser  beam  transmitted  through  the  atmosphere.  The  resulting  refractive 
index  variations  cause  phase  distortions  in  the  transmitted  beam  which 
change  with  time  at  a rate  dependent  on  the  wind  velocity  across  the 
beam.  The  effects  of  the  random  variation  in  refractive  index  is  to 
produce  an  enlarged  spot  at  the  target  which  moves  about  the  aim  point 
in  a random  fashion  depending  on  the  wind  velocity  and  turbulence 
strength.  The  beam  "jitter"  or  wander  produced  in  this  way  adds  to  the 
jitter  introduced  by  the  guidance  components  to  affect  total  system 
performance. 


This  paper  describes  a new  analytical  method  recently  developed  by 

Fried^^’  for  rapidly  predicting  spot  movement  and  size  as  a function 

of  transmitter  characteristics,  refractive  index  structure  constant  and 
the  effective  windspeed  across  the  beam.  The  approach  used  is  an 
alternate  method  to  the  Monte  Carlo  technique  employed  in  several  large 
computer  codes  wherein  a series  of  random  phase  screens  are  introduced 
at  several  intervals  along  the  path  and  used  in  a numerical  solution  to 
the  scalar  wave  equation.  The  Monte  Carlo  method  yields  detailed 
information  of  the  beam  characteristics,  but  for  many  time  realizations 
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such  as  is  required  for  laser  designator  tests,  computation  times 
become  prohibitive  since  a separate  laser-to-target  calculation  of 
several  steps  is  required  for  each  time  of  interest. 

Following  the  description  of  the  method  used  here,  results  are 
presented  of  calculations  over  a typical  laser  designator  path  for  the 
assumed  atmospheric  conditions.  Results  of  calculated  spot  size  and 
beam  deflections  are  also  presented. 

In  addition  to  the  effects  of  atmospheric  turbulence,  laser 
guidance  systems  are  affected  by  the  amount  of  attenuation  occurring  in 
the  transmitted  beam.  Attenuation  results  in  the  achievement  of  lower 
intensity  at  the  target  thus  reducing  the  signal  received  by  a terminal 
homing  device.  Attenuation  occurs  from  absorption  and  scattering  of 
radiation  by  air  molecules  and  particulate  matter  present  in  the  atmo- 
sphere; however,  molecular  absorption  and  particulate  scattering  are  the 
primary  attenuating  mechanisms.  In  cases  where  high  concentrations  of 
aerosol  particles  are  present,  scattering  and  absorption  by  particles 
may  completely  dominate  the  attenuation.  Examples  of  cases  where  scat- 
tering becomes  particularly  important  are  in  rain,  fog,  dust  or  high 
concentrations  of  smoke. 

For  the  calculation  of  attenuation  by  molecules  and  aerosol 

particles,  computer  programs  obtained  from  Miller^^  and  Gomez^^  were 
utilized.  The  molecular  absorption  program  uses  the  McClatchey  et  al 

line  parameters  compilation^^  and  computes  high  resolution  molecular 
absorption,  continuum  molecular  absorption,  Rayleigh  scattering  by 
molecules,  and  incorporates  the  aerosol  absorption  and  scattering  model 
(4) 

developed  by  Gomez  at  the  Army  Atmospheric  Sciences  Laboratory  at 
White  Sands  Missile  Range.  Computed  results  of  absorption  and  scattering 
transmissivities  are  presented  for  representative  cases  to  illustrate 
their  effects  on  Army  IR  laser  guidance  systems. 

MODEL  DESCRIPTION 

For  numerical  evaluation  of  turbulence  effects,  the  theoretical 

model  developed  by  Fried*'^  is  used  to  calculate  the  power  spectrum  of 
angle-of-arrival  fluctuations  of  a laser  target  designator  beam.  In 
this  model,  the  illuminated  spot  at  the  target  is  treated  as  a receiver 
located  a distance  Z from  a point  which  is  a distance  Z,  behind  the 

designator  (Figure  1).  The  point  source  is  considered  the  origin 
(Z  = 0)  and  its  distance  behind  the  designator  is  determined  by  the 
designator  aperture  diameter  and  beam  divergence  angle.  The  turbulent 
region  exists  only  between  the  designator  and  target  (distance  Z^)  and 
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this  region  is  divided  into  N segments  of  length  AZ^  for  the  computa- 

tations.  Following  the  method  of  Greenwood  and  Fried,  the  angle-of- 

arrival  power  spectrum  is  calculated  according  to  the  relation 


F (f 


)-Y  F . 
Z-J  Ot,l 


(f) 


i = 1 


where 


F .(f)  = 1.32X10  2(A/D  )2(Ds/r  ,)5/3f  . 1/3f  2/3G  (f/f  .). 

a , 1 s 0,1  o,i  a o,i 

f is  temporal  frequency  in  hertz,  A is  the  laser  wavelength  and  D^,  the 
spot  diameter,  is  calculated  from 

D = D.  + 0JZ 
s d d t 


r . is  Fried's  ^ coherence  length  for  the  ith  segment  defined  by 

0,1 


0,1 


. - 1 16.  7 C.2 


,1 


KM) 


-3/5 


and 


- eff ,1 


0,1  ttD  (Z./Z  ) 
s i s 


£ ( 6 ) 

G (If  .)  is  a function  evaluated  by  Greenwood  and  Fried  and 
a o,i 

determined  to  fit  the  expression 
1 


G ( / f .)  = 

a o,i 


,if  0 < f < 0.332  f . 

o , 1 


,f 


1.12  - 0.361  (If  .),  if  0.322  f . < f < 3.1  f . 

0,1  0,1  — 0,1 


, if  3.1  f . < f 
o , 1 


Z^  is  the  distance  from  the  virtual  point  source  to  the  center  of 

segment  i,  and  C2,.  is  the  refractive  index  structure  constant  of  the 
N i 
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i th  segment.  V , . is  the  effective  wind  velocity  of  the  i th 

t If , 1 

segment  and  can  include  the  effects  of  beam  sluing  by  combining  with 
the  actual  wind  according  to 


‘ 


V = V 

eff,i  W,i 


± 0 


(Zi 


V 


with  the  plus  or  minus  sign  chosen  to  account  for  the  wind  being 
opposed  to  or  in  the  same  direction  as  the  angular  sluing.  An  addi- 
tional computation  needed  in  the  power  spectrum  calculation  is  to  multi- 
ply each  value  by  (D^/D^)2  t0  correct  the  point  source  value  for  the 
finite  aperture  size  of  the  laser  designator.  Using  the  method  out- 
lined, the  power  spectrum  is  computed  for  the  range  of  frequencies  from 
zero  to  the  cutoff  value  at  approximately  three  times  the  largest 
reference  frequency,  f ..  The  variance  of  the  power  spectrum  is  the 
integral  over  frequency!  or  simply 


F (f .)  Af . 
a i i 


To  compute  turbulence  induced  beam  jitter,  a random  sequence  of 
values  is  generated  having  the  same  approximate  power  spectrum  and 
variance  as  was  computed  for  the  angle-o f-ar rival  fluctuation.  The 
random  array  is  then  Fourier  transformed  to  obtain  a time  dependent 
array  representing  the  angular  beam  jitter.  To  accomplish  this,  a 
random  number  routine^)  is  utilized  to  obtain  a normally  distributed 
sequence  of  values  having  unity  variance  and  zero  mean  value  and 
combine  these  numbers  with  the  calculated  power  spectrum  to  get  the 
following  sequence 


N (f  .)  = N . -%/  F ( f . ) / At 

r i r , i y a l 

Where  N . is  a value  obtained  from  the  random  number  routine,  F (f.) 

r , l <i 

is  one  of  the  power  spectra  computed  earlier  and  At  is  the  time 
interval  between  values  in  the  time  sequence.  A discrete  Fourier  trans- 
form (FFT)  routine(8)is  used  to  perform  the  transformations  from  t lie 
frequency  to  the  time  sequence,  so  At  must  be  chosen  to  satisfy  the 
equat ion 

M AtAf  =*  1 
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where  M is  the  number  of  values  in  the  array.  Another  consequence  of 
the  DFT  or  FFT  method  is  that  the  random  array  must  be  doubled  in  length 
to  include  values  for  an  equal  number  of  negative  frequencies  and  this 
is  done  by  folding  the  N (f.)  array  onto  the  second  half  of  the 
doubled  array  thus  creating  a symmetric  sequence  of  real  values (9). 

This  array  when  transformed  into  the  time  domain  are  a time  ordered 
symmetric  sequence  of  values  in  the  range  -T  < t<  + T where  T = MAt . 

The  second  half  of  the  sequence  represents  one  component  of  beam 
jitter  at  the  target.  A second  independent  set  of  values  following  the 
same  procedure  is  necessary  to  determine  the  spot  centroid  movement  at 
the  target. 


An  additional  computation  made  in  the  model  of  atmospheric 
turbulence  effects  is  to  determine  the  spot  size  increase  due  to  tur- 
bulence and  diffraction.  The  effective  beam  spread  as  determined  by 
Fried(2)  is 

et  = er  $(Dd/ro) 


where 

0 =1.128  X/rn 

r ° 


and 

<J>(°/ro) 


cos  u - (u ) ( 1 


x exp 


. , , / D , .5/3  5/3 

3.44(  d/ r ) u 
o 


1/2 


r()  is  defined  in  terms  of  the 
N 


r . used  earlier  as 
o , x 


The  function  <J>  (^d/rpl^^  is  evaluated  numerically  by  a gaussian 

quadrature  method  using  100  increments  across  the  interval  (0,1). 
Total  angular  divergence  of  the  spot  determined  by  a quadrature 
combination  witit  the  designator  optics  divergence  is 

2 2 \ 

n = (0  + op5 

s t d 
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and  the  corrected  spot  size  including  turbulence,  diffraction  and 
designator  optics  contributions  is 

D'  = Dj  + 0 Z 
s d st. 

(2) 

Included  in  the  model  developed  by  Fried  is  a method  for 
calculating  the  power  spectrum  of  angle-of-arr ival  fluctuations  caused 
by  turbulence  in  the  propagation  path  from  the  laser  designator  spot  to 
a sensor  viewing  the  spot.  The  total  beam  jitter  for  the  combined 
paths  is  then  evaluated  by  adding  the  power  spectrum  for  the  sensor 
path  to  the  laser  spot  power  spectrum  obtained  previously.  Computed 
power  spectra  for  the  sensor  path  are  not  included  in  the  present  inves- 
tigation, however,  results  obtained  for  a typical  laser  designator  path 
are  presented  in  the  following  section. 

RESULTS 

A laser  designator  transmitting  at  1.06pm  over  a 3 Km  path  was 
selected  to  illustrate  the  effects  of  atmospheric  turbulence  and  attenua- 
tion on  a terminal  homing  system.  The  transmitter  aperture  diameter 
selected  was  5 cm  with  0.15  mr  angular  beam  divergence.  Ground  level 
atmospheric  conditions  of  2 m/s  crosswind  and  of  10~12  m-2/3  were 
assumed  for  the  entire  path.  The  computed  angle-of-arrival  power  spectrum 
for  these  conditions  is  presented  in  Figure  2.  The  variance  obtained  by 
integrating  the  power  spectrum  curve  is  1.0  x 10-7rad2  which  gives  the 
standard  deviation  in  beam  jitter  of  0.32  mr.  Thus,  the  standard  devia- 
tion in  beam  centroid  movement  at  the  target  aim  point  is  0.96m,  and  for 
the  calculated  spot  diameter  of  0.51m  results  in  random  movement  almost 
four  times  the  spot  size  at  the  target.  For  reduced  turbulence  strength 
the  spot  movement  is  reduced  by  the  square  root  of  c2.  Hence,  for  an 
order  of  magnitude  reduction  in  c2,  random  spot  movement  is  reduced  to 
approximately  l/3m,  which  is  still  greater  than  the  spot  radius. 

Computer  programs  obtained  from  New  Mexico  State  University  and  the 
Army  Atmospheric  Science  Laboratory  I • (4)  were  used  to  compute  absorption 
and  scattering  effects  under  atmospheric  conditions  important  to  laser 
designator  operation.  Molecular  absorption  and  scattering  coefficients 
were  computed  for  clear  air  at  standard  sea-level  conditions  using  the 
"built-in"  atmospheric  property  values.  For  computing  aerosol  effects, 
single  scattering  calculations  were  made  using  the  size  distribution 
models  available  in  the  Mie  theory  program.  Deirmendj  ian' s Model 
distribution  was  used  to  represent  the  haze  particle  size  distribution 
and  size  distributions  for  fog  and  smoke  used  the  Khrgian  and  Mazin  (12), (13) 
modified  Gamma  distribution  with  the  coefficients  and  particle  densities 
given  by  Steinvall ( 14) . The  Junge  Model (15)  was  used  to  represent  dust 
size  distribution.  Particle  densities,  index-of-ref raction  used,  and 
the  results  of  the  calculations  are  presented  in  Table  I. 
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FIGURE  1.  GEOMETRY  FOR  LASER  TARGET  DESIGNATOR  TURBULENCE 
POINTING  JITTER  CALCULATION 


POINTING  JITTER  POWER  SPECTRUM , RAD2/ Hz 
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ABSTRACT 


Optical  communications  systems  operating  in  the  marine  boundary 
layer  offer  significant  potential  to  increase  the  capabilities  of  Naval 
communications . These  increased  capabilities  include  reduced  susceptibility 
to  jamming,  intercept,  spoofing  and  direction  finding;  reduction  in 
spectrum  crowding;  and  potential  high  data  rates.  The  true  potential 
for  E/0  communications  systems  need  to  be  better  determined  to  evaluate 
its  future  use  in  Naval  Telecommunications  System  into  Task  Group  appli- 
cations. Systems  concept  engineering  as  well  as  more  extensive  data 
on  performance  capabilities  and  limitations  is  needed.  This  is  addressed 
for  two  candidate  systems:  OCCULT  (Optical  Covert  Communications  Using 

Laser  Transceivers)  and  ELOS  (Extended  Line-of-Sight)  Optical  Communi- 
cations system. 
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INTRODUCTION 


Current  Navy  operation  communications  systems  suffer  from 
a number  of  problems.  There  is  no  operational  communication 
system  which  is  not  significantly  susceptible  to  jamming,  inter- 
cept, spoofing  and  direction-finding.  Further,  current  communi- 
cation systems  significantly  increase  Fleet  vulnerability  to  the 
threat  of  ARM  (Antiradiation  Missiles).  Lastly,  the  existing 
systems  suffer  from  limited  data  rates,  spectrum  crowding,  high 
cost,  large  size  weight  power,  etc  Several  attempts  at  solving 
these  problems  in  the  RF  spectrum  are  being  carried  out.  In 
addition,  it  appears  that  optical  communications  systems  have 
great  promise  in  solving  these  problems  for  many  applications.^) 
This  paper  discusses  two  of  the  Naval  optical  communications  systems 
being  developed  at  the  Naval  F.lectronics  Laboratory  Center  (NEI.C)  : 
OCCULT  (Optical  Covert  Communications  Using  Laser  Transceivers) , 
and  the  ELOS  (Extended  Line  of  Sight)  optical  communications 
system.  These  systems  address  the  requirement  for  exchange  of 
tactical  data  between  ships,  both  to  the  horizon  and  beyond.  The 
effects  of  the  atmosphere  in  the  marine  boundary  layer  represent 
the  primary  limitation  to  system  performance  and  will  be  addressed 
here.  Due  to  space  restrictions,  however,  detailed  technical 
analysis  of  the  propagation  results  will  be  limited  and  the  reader 

should  consult  the  references.^),  (3) 

OCCULT 


OCCULT  is  an  optical  10. 6p  heterodyne  laser  communications 
system,  designed  for  nearly  all-weather  two-way  voice,  digital,  and 
video  transmission  of  information  between  ships  to  horizon  limited 
ranges.  It  incorporates  a number  of  technological  advances,  including 
the  use  of  reciprocal  pointing  and  tracking  between  terminals  to  achieve 
dramatic  improvements  in  signal-to-noise  ratio,  link  availability,  and 
communication  range.  Although  intended  for  tactical  ship-to-ship 
communication  in  its  current  configuration,  the  same  concepts  and 
technology  it  has  demonstrated  can  be  employed  for  other  terrestrial 
(includin  shore  and  airborne  platforms)  and  ground-satellite  communica- 
tions. The  performance  characteristics  of  the  OCCULT  system  are  given 
in  Fig.  (1).  It  is  clear  that  these  performance  levels  compare 
very  favorably  with  any  RF  or  optical  techniques. 

The  efforts  in  OCCULT  have  been  divided  between  system  con- 
siderations and  propagation  investigations.  The  systems  considera- 
tions have  focused  on  developing  this  optical  communications  tech- 
nology to  a level  such  that  the  system  could  be  tested  at  sea 
between  actual  Navy  ships.  This  test  was  conducted  during 
amphibious  exercise  "Varsity  Night,"  6-19  August  1976.  During  this 
test  the  following  was  demonstrated:  Ad,  LPI  ship/ship  covert 

communications;  full  automatic  tracking  and  acquisition  in  the  full 
spectrum  of  ships  motion;  transmission  of  one  video,  four  20  kHz  analog, 

UNCLASSIFIED 


14 


UNCLASSIFIED 

and  one  20  kb/s  digital  channnels  both  ways  simultaneously;  acquisition 
in  47  of  54  attempts  on  first  scan  revolution;  and  the  capability  of 
high  precision  station-keeping  (relative  bearing  of  +0.05°,  range  +2 
yards) . This  successful  test  provided  a demonstration  that  the  OCCULT 
system  is  viable  and  has  made  feasible  a whole  new  spectrum  of  Naval 
tactical  communications. 

In  the  period  preceding  the  sea  test,  the  OCCULT  system  has 
also  proven  to  be  a uniquely  valuable  experimental  tool  for  optical 
propagation  in  the  marine  boundary  layer.  For  a period  of  4 months 
preceding  the  sea  test,  a program  was  conducted  to  measure  the  propa- 
gation of  coherent  10. 6y  radiation  through  turbulence  and  fog.  Figure 
2 gives  the  objective  for  these  tests.  While  a detailed  discussion  of 
results  here  would  prove  too  lengthy,  the  results  can  be  summarized  as 
follows:  For  the  propagation  path  and  location  used  (11  miles  across 

San  Diego  Bay)  the  largest  attenuation  due  to  fog  was  8 dB  (for 
meteorological  visibilities  of  le -j  than  0.5  miles)  when  the  high  rate 
reciprocal  tracking  was  engaged;  large  improvements  in  signal  levels 
through  fog  were  observed  when  trackers  were  engaged  (typically,  10  dB 
or  greater) (1) , (2) ; as  expected,  large  increases  in  average  signal  levels 
through  turbulence  were  observed  when  trackers  were  engaged  (up  to  20 
dB)(4;,(5).  propagation  of  the  coherent  10. 6y  beam  through  fog  can 

be  characterized  fully  by  only  the  "direct"  beam  attenuation  (coherence 
is  not  perturbed  because  the  scattered  radition  contribution  to  the 
signal  is  negligible)  (6) , (7) ; off-axis  energy  available  for 

collection  by  a heterodyne  interceptor  is  essentially  the  same  in  fog 
as  it  is  in  clear  air.  The  effects  of  high  rate  reciprocal  tracking 
seen  in  fog  conditions  could  prove  to  be  very  significant  but  are  not 
understood  and  require  further  investigation. 

OCCULT  has  demonstrated  the  validity  and  practicality  of 
several  very  important  concepts  from  both  the  systems  and  propa- 
gation areas:  (1)  The  large  improvement  in  signal-to-noise  ratio 

for  coherent  propagation  through  both  turbulent  and  scattering 
media  due  to  high  rate  reciprocal  pointing  and  tracking;  (2)  the 
preservation  of  coherence  in  propagation  through  scattering  media; 

(3)  the  ability  to  derive  fine  angle  pointing  information  from  a 
nutated  received  beam  and  track  wavefront  lilt  to  -200  hZ;  (4)  the 
development  of  a computer  controlled,  closed  loop  high  rate  integrated 
coarse-  and  fine-angle  pointing  and  tracking  system;  (5)  the  demonstra- 
tion of  the  high  degree  of  covertness  attainable  with  infrared  optical 
communications;  (6)  high  accuracy  frequency  stabilization  of  tuned 
cavity  lasers  using  Stark  cells^°l;  (7)  the  development  of  an  acquisition 
scheme  for  narrow  optical  beam  systems;  (8)  the  feasibility  of  operation 
in  a real  Naval  environment. 


15 


UNCLASSIFIED 


UNCLASSIFIED 


ELOS  OPTICAL  COMMUNICATIONS 


While  OCCULT  addresses  the  very  critical  requirement  of  wideband, 
nearly  all-weather  covert  communications  between  ships,  the  range 
limitation  of  the  horizon  severely  limits  some  applications.  The 
following  system,  the  ELOS  optical  communications  system,  addresses 
exchange  of  tactical  information  to  beyond  line-of-sight  ranges  for 
the  control  of  task  force  units.  While  the  ELOS  system,  will  most  likely 
be  limited  to  voice  bandwidths,  the  application  of  this  system  as  an 
A. J , LPI  augmentation  to  HF  techniques  will  prove  extremely  valuable. 

A detailed,  comprehensive  analysis  of  extended  line-of-sight 
optical  communications  has  been  completed.  Links  were  studied  utilizing 
both  relay  platforms  and  over-the-horizon  forv-ard  scatter  from  aerosols 
(both  haze  and  clouds) . An  in-depth  review  of  the  state-of-the-art  and 
near-term  future  advances  in  ystero  component  performance  was  included, 
covering  lasers,  filters,  photodetectors,  pointing  and  tracking  systems, 
and  platforms. 

One  result  of  this  analysis  was  an  analytical  model  for  over- 
the-horizon  optical  scatter  propagation,  based  upon  both  the  single 
and  multiple  scattering  approximation.  The  model  appears  to  be  in 
reasonable  agreement  with  previously  available  field  data  for  over- 
the-horizon  propagation . (9) 

Based  on  the  use  of  systems  composed  of  state-of-the-art  (1976) 
components,  the  following  conclusions  were  drawn:  (10,11) 

1.  The  operating  wavelength  should  be  in  the  1 to  3 micron 
range  for  both  links. 

2.  Both  relay  and  scatter  over-the-horizon  data  links  can  use 
the  same  shipboard  system. 

3.  Significant  performance  advantages  can  be  achieved  by 
exploiting  propagation  characteristics.  These  include: 

a.  Use  of  a vertical  fan  beam  or  optimally  elevated  beams 
in  a scatter  link  at  large  ranges. 

b.  Positioning  the  relay  platform  at  a high  altitude  to 
take  advantage  of  the  decrease  in  path  loss  caused  by  the  vertical 
fall-off  in  aerosol  concentration. 

4.  Models  for  the  optical  scattering  channel  must  include 
the  following: 

a.  Vertical  exponential  decrease  in  aerosol  concentrat ion 
and  attenuation  coefficient. 

b.  Vertical  decrease  in  index  of  refraction.  The  simplest 
approximation  is  to  replace  the  radius  of  the  earth  in  the  model  by 
the  "4/3  radius"  (modeling  of  temperature  inversions  would  be  desir- 
able) . 

c.  Two  modes  of  propagation:  Single  and  multiple  scattering. 
Contrary  to  intuition,  the  former  dominates  at  longer  ranges,  and  the 
latter  at  shorter  ranges. 


16 


UNCI.':  MFIEU 


UNCLASSIFIED 


Again,  due  to  space  restrictions,  detailed  technical  depth  is 
not  possible  and  only  the  propagation  mechanism  utilizing  clear  air 
aerosols  will  be  considered. 

The  primary  factor  which  determines  the  percentage  of  time  com- 
munication over  a given  distance  at  a given  bit  rate  can  be  achieved 
is  the  meteorological  visibility.  Statistical  studies  of  the  occur- 
rence of  visibilities  greater  than  a given  value  are  available.  When 
this  is  combined  with  performance  characteristics  of  a tv;  i al 
system,  both  performance  and  link  availability  car  be  n ter"  : 

Figure  3 shows  the  performance  of  a communication  linl  in.-  tee  results 

of  the  propagation  model.  For  voice  data  rates,  t'.e  t r ■ • • • , r i i 
pulsed  Nd:YAG  laser  emitting  2.5  MW  power  at  l.cs  • rev.-  wit! 
average  power  of  10  watts.  Note  that  for  a marine  it",  phvt  »:  ( 
visibilities  as  low  as  5 miles,  the  communication  r uigi  .c, ; > 
mately  30  miles.  For  visibilities  of  10  miles,  t..<  range  i i ren  ■ 
to  55  miles.  For  20-mile  visibilities,  the  range  inert. i < t 11 

miles.  For  teletype  data  rates  and  the  same  average  p >w  r 1 > r,  t < 
ranges  become  35  miles,  76  miles,  and  165  miles,  respective  Iv.  <>n  a 
worldwide  basis,  visibilities  greater  than  5 miles  occur  approx imate 1 • 
85%  of  the  time,  and  10  miles  approximately  70%.  Phis  link  availa- 
bility for  a given  range  is  not  substantially  different  from  conven- 
tional HF  techniques.  The  communications  ranges  are  considerably 
greater  at  night,  or  if  low  clouds  occur  to  provide  a scattering  layer. 
It  is  important  to  note  that  areas  of  operation  with  lower  average 
visibility  (e.g.,  the  North  Atlantic)  also  have  a high  occurrence  of 
low  cloud  cover  and  that  some  areas  of  high  operational  interest,  such 
as  the  Western  Pacific  and  the  Mediterranean,  consistently  permit 
greater  ranges  and  higher  availabilities.  The  interpretation  of  the 
visibility  data  on  range,  data  rate,  and  availability  is  being 
continued . 

To  verify  the  propagation  model,  the  characteristics  of  the 
scattering  channel  must  be  measured.  The  following  describes  experi- 
mental results  from  an  over-the-horizon  propagation  link.  The  path 
loss  (received  power  divided  by  transmitted  power)  was  measured  at 
5145  n with  a 1-watt  CW  argon  laser  and  at  1.06  microns  and  5320  X 
with  a pulsed  Nd:YAG  laser.  In  the  latter  both  wavelengths  traversed 
identical  propagation  paths. 

The  scattering  channel  selected  was  a 39-mile  path  with  almost 
all  of  it  over  the  ocean.  The  transmitter  was  at  NELC  in  Point  i.oma . 

The  receiver  was  on  the  beach  at  the  Marine  Base  at  Camp  Pendleton. 

The  geometric  horizon  was  25  miles  from  the  transmitter  for  the  CW 
experiments,  and  was  12  miles  for  the  pulsed. 

Figure  4 is  a photograph  of  the  coastline  from  Camp  Pendleton 
looking  southward  to  the  source.  The  transmitter  is  pointed  directly  at 
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the  geometric  horizon.  As  there  was  a strong  temperature  inversion  this 
night,  the  direct  beam,  ducted  by  this  refractive  index  anomaly  is  clearly 
visible . 

Figure  5 is  the  same  view  with  the  transmitter  elevated  0.5°  from  the 
horizon.  Superimposed  on  this  photograph  is  an  angular  scale  to  obtain  an 
estimate  of  the  angular  size  of  the  source. 

Figure  6 shows  the  path  loss  as  a function  of  transmittion  elevation 
angle.  The  vertical  axes  is  the  path  attenuation  in  db . The  patli  loss 
for  the  ducted  beam  is  -63  db . On  the  scale  used,  this  data  point  would 
be  outside  the  boundary  of  the  graph.  Part  of  this  path  loss.  41  db  is 
due  to  the  loss  in  beam  spreading.  The  remainder,  21  db  is  from  the 
loss  of  energy  from  the  extinction  coefficient  integrated  over  this  63 
kilometer  path. 

This  enables  a calculation  of  an  integrated  extinction  co- 
efficient of  .043  km~l  to  be  made  for  this  very  long  path.  Note 
on  the  right  hand  side  of  the  figure,  the  pertinent  data  is  stated: 

PT  is  the  transmitted  power,  THETA  D is  the  beau  divergence,  [)  REC 
is  the  receiver  diameter,  FOV  is  the  field  of  view  of  the  receiver, 

R is  the  propagation  path,  VIS  is  the  visibility  as  calculated  from 
the  extinction  coefficient,  BETA  is  the  extinction  coefficient,  H TRANS 
is  the  height  of  the  transmitter,  H REV  is  the  height  of  the  receiver 
above  sea  level.  This  night  was  remarkably  clear  from  a strong  Santa 
Ana  condition.  Mote  that  small  value  of  ducting  loss  calculates  into 
a visibility  of  92  kilometers. 

The  data  set  of  Figure  7 was  taken  about  a month  later  under  con- 
ditions more  typical  to  the  California  coast.  There  was  no  temperature 
inversion,  so  the  direct,  non-scattered  beam  was  not  observed.  For  all 
the  4 points  of  data,  the  beam  was  not  visually  seen. 

The  comparison  between  the  experimental  values  and  the  model  are  shown 
in  Figure  8.  The  column  labeled  EXPERIMENT  is  the  path  loss  with  the 
transmitter  pointed  about  one  beam  diameter  above  the  horizon  to  insure 
that  none  of  the  energy  is  being  ducted  to  the  receiver.  The  next  column 
SGL  SCATT  are  the  values  from  the  single  scattering  model.  The  column 
next  to  this  one,  ERROR,  gives  the  difference  between  the  experiment  and 
the  single  scattering  theory.  Note  that  there  are  large  differences 
from  16  db  to  30  db . The  next  column  MULT  SCATT  are  the  results  from 
the  theory  of  multiple  scattering.  A comparison  between  this  column 
and  the  experimental  values  indicate  better  agreement,  witli  the  differences 
clustered  around  10  db . 

The  next  set  of  experiments  measured  both  the  path  loss  and  tin 
pulse  spreading  in  this  typ  of  scatter  channel.  The  transmitter  is 
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a pulsed  Nd(YAC)  laser  emitting  both  the  fundamental  at  1.06  microns 
and  the  first  harmonic  at  .51  microns  (Figure  l>) . Both  wavelengths 
traverse  the  same  propagation  path  to  the  receiver.  The  radiation 
was  collected  by  a re  eiver  (Figure  10).  1 lit*  two  wave  1 engt iis 

are  physically  separated  by  a dichroic  beamsplitter,  detected, 
amplified,  digitized  end  recorded.  'deal  tim.  li-plav  of  tile  pulse 
shapes  are  availab1 

Figures  11  an  2 show  the  path  loss  as  a function  ot  transmitter 
elevation  and  azimuth  scan  angles  .t  a ivelengt  li  of  5 520  A.  Figure 
13  shows  the  path  loss  at  two  wavelengths  of  >320  \ and  1 .06  microns 
through  t!ie  identical  atmosphere.  In  all  these  measurements  there  was 
no  indication  of  pulse  stretching  or  distortion. 

in  summary , we  I iv<  mad<  igatio  ea  ire  nrei  I ■ ioriz< 

y scattering  from  normal  marine  atmos;  iieric  lerosols.  The  r . • ;u  nts 

Include  propagation  path  losses  ind  pulse  distortion  in  the  ;-'uc-green 
a d at  1.(  6 microtis.  Tlie  model  that  has  been  developed  is  in  substantial 
.«■  .at  i . Furl  ei  s titering  measure  encs  ..  LI  le  made, 
liu  design  iiu  construction  of  a one-wav  cotmuni  cation  link  between  ‘.K'  ' 
i ■ s land , ' ,i  disi  in  « of  L28  ksu  is  in  progres  . 
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OCCULT  PERFORMANCE  CHARACTERISTICS 


Information  Bandwidth 

Beamwidth 

Radiated  Power 

Radiated  Power  Density 

Tracking  Accuracy 

Tracking  Rate 

Tracking  Acceleration 

Full  (Blind)  Acquisition  Time 

Automatic  Station-Keeping  Capabiliti 
(Accuracy  at  32  km  = 20  mi) 

Sidelobe  suppression 
Sidescatter  (clear  air) 

Sidescatter  (marine  haze) 

Signal-to-Noise  Ratio  (light  fog) 

RFI 

Weight  (antenna) 

Size  (antenna) 

Prime  Power 

Cost  per  Terminal 

MTBF 


>5  MHz 

0.05°  (1  mrad) 

0.5  W 

<100  mW/cm" 

0.005°  (100  fj  rad) 

360° /sec 
3600°/sec2 
1 sec 

s +1 5 m (+50  ft)  range 

+0.1°  relative  velocity 
+0.51  m/sec  (+1  kt) 
relative  velocity 

<-150  dB  1°  off  axis 

-100  dB  90°  off  axis  l m 
from  beam 

-150  dB  10°  off  axis  1 km 
from  beam 

'A0  dB  at  40  km  (25  mi) 

Emits  none  and  is  insensitive 
to  RFI 

23  kg  (50  lb) 

0.056  m5  (2  ft  ’) 

150  watts 
$50,000 
-2,000  hours 


Figure  1.  OCCULT  Performance  Characteristics 
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OCCULT  PROPAGATION  EXPERIMENT 


OBJECTIVE:  Investigate  the  propagation  of  coherent  10.6  p radi- 

ation through  the  marine  boundary  layer,  including  turbulence 
and  fog. 

EXPERIMENT: 

° Variation  of  CNR  with  optical  thickness  t in  fog 

° Effects  of  particle  size  distribution,  albedo,  small  t, 
etc . 

° Determine  improvement  in  CNR  with  reciprocal  tracking 
° Correlation  of  CNR  with  meteorological  visibility 
° Clear  air  turbulence 

Determine  wavefront  angle  of  arrival  and  amplitude 
behavior 

° Determine  improvement  in  CNR  with  reciprocal  tracking 
0 Off-Axis  behavior 

° Determine  angular  brightness  function  vs  t (i.e., 
coherence  diameter) 

° Possible  Doppler  spectrum  spreading  vs  0 and  t 
° Effects  of  variable  field  of  view 
° Off-axis  radiance  available  for  collection  vs  t 


Figure  2.  OCCULT  Propagation  Experiment 
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Figure  3.  Performance  Characteristics  of  ELOS 


Figure  7.  Path  Loss  Measurements  of  Feb.  25,  1976 
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Comparison  of  both  single  scattering  and  multiple  scattering  theoretical  models  to 


Comparison  between  experiment  and  theories 


ELDS  TRRN5M I TTER  ELEVHT I DN  5CRN 


Figure  11.  Path  Loss  Measurements  of  Sep.  30,  1976 
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Figure  12.  Path  Loss  Measurements  of  Sep.  30,  1976 
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SUBMILLIMETER  WAVE  PROPAGATION  - A SURVEY 

W.  L.  Gamble  and  B.  D.  Guenther 
US  Army  Missile  Command 
Redstone  Arsenal,  Alabama  35809 


ABSTRACT 


A brief  review  of  the  current  state  of  knowledge  on  submillimeter 
propagation  in  the  atmosphere  is  presented.  The  critical  data  inadequa- 
cies are  pointed  out  in  the  following  list: 


1)  No  experimental  data  on  scattering  to  evaluate  existing  theoreti 
cal  predictions. 

2)  Atmospheric  absorption  data  do  not  include  detailed  meteorologi- 
cal measurement. 

3)  Present  theories  cannot  predict  the  location  or  depth  of  the 
propagation  windows. 


4)  Fluctuations  are  not  adequately  explained. 


5)  Extinction  measurements  in  rain  and  fog  are  few  in  number. 


INTRODUCTION 

In  the  past,  activity  in  the  submillimeter  region  of  the  spectrum 
was  limited  to  astronomers  and  spec troscopi st s . Recently,  new  Sources 
such  as  relativistic  e-beam  devices,  optical  klystrons  and  optically 
pumped  far  infrared  lasers  have  been  introduced.  It  now  appears  possi- 
ble to  implement  systems  utilizing  submillimeter  wave  radiation.^ 

Before  any  system  that  is  to  operate  in  the  atmosphere  can  be  imple- 
mented, the  propagation  of  submillimeter  radiation  (SMMW)  must  be  charac- 
terized. The  purpose  of  this  paper  is  to  briefly  summarize  the  current 
state  of  knowledge  and  to  point  out  the  areas  that  require  additional 
work.  To  aid  the  reader  in  obtaining  an  introduction  to  this  field,  an 

2 

annotated  bibliography  has  been  prepared. 

It  is  recommended  that  the  reader  use  this  bibliography  to  obtain 
supporting  material  for  comments  made  in  this  paper. 
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ABSORPTION  SPECTRUM 

A.  Clear  Air  Absorption 

The  propagation  of  SMEW  characterized  by  large  absorption, 
which  will  limit  the  use  of  SMMW  to  relatively  short  ranges.  A theoreti- 
cal calculation  of  atmospheric  absorption  is  shewn  in  Figure  1,  along 

3 

with  some  experimental  data.  There  are  three  possible  contributors  to 
the  clear  air  absorption.  Water  vapor  is  the  major  absorber  and  the 
absorption  is  approximately  proportional  to  the  density  of  water  vapor. 

To  explain  some  experimental  observations,  a contribution  (at  the  wave- 
lengt  s near  1 mm)  due  to  water  vapor  dimers  has  been  suggested.  How- 
ever, the  amount  of  absorption  to  associate  with  water  vapor  dimers  has 
not  been  resolved.  Ozone  can  contribute  to  absorption  in  SMMW  region  at 
high  altitudes.  All  other  gases  do  not  contribute  directly  to  the  absorp- 
tion for  the  following  reasons:  1)  The  gas  has  a low  frequency  of  occur- 

rence. 2)  There  are  no  transitions  in  this  wavelength  region.  3)  The 
absorption  is  small  relative  to  H„0. 

B.  Collisional  Broadening 

Oxygen  and  nitrogen  do  contribute  to  the  absorption  spectrum 
by  collisional  broadening  of  the  absorption  lines.  The  relative  strength 
of  the  contribution  of  H^O,  N^ , and  0o  to  the  collisional  broadening  is 

5,  1,  0.6  respectively  near  line  center,  with  the  water  vapor  contribu- 
tion increasing  to  15  in  the  wings. 

There  are  three  generally  used  models  to  explain  collisional  broad- 
ening. They  lead  to  line  shape  equations  presented  in  TABLE  I.  Also 
presented  in  Table  I are  the  names  of  investigators  who  have  applied  these 
line  shapes  to  calculations  in  the  SMMW  region. 

All  of  the  line  shapes  give  good  agreement  witli  experiment  near  the 
absorption  line  centers,  but  poor  agreement  in  the  windows  as  shown  in 
Figure  1.  A comparison  between  the  three  line  shapes  is  shown  in 
Figure  2.  The  continuum  is  an  empirically  derived  addition  made  to 
obtain  better  agreement  between  experiment  and  the  summation  of  known 
lines  below  35  cm”l.  No  one  model  has  an  advantage  over  the  others  at 
this  Lime.  The  best  choice  of  model  depends  on  the  spectral  range  ol 
interest . 

Another  reason  for  the  poor  performance  of  theory  in  predicting  the 
location  and  size  of  the  windows  is  that  lines  30  or  more  linewii.  ;hs 
away  from  the  windows  are  making  major  contributions  to  ttie  shape  and 
depth  of  the  windows.  None  of  the  line  shape  functions  is  expected  to 
perform  adequately  at  distances  more  than  about  five  linewidths  from  line 
cent  er . 
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TABLE  I.  LINE  SHAPES  RESULTING  FROM  COLLJ.SIONAL 
BROADENING  MODEL  LORENTZ 


AEROSOL  SCATTERING 


Theoretical  calculations  have  been  made  of  aerosol  and  rain  scatter- 
ing. An  example  is  shown  in  Figure  3. 4 Experimental  confirmation  does 
not  exist.  A measurement  has  been  made  in  fog  at  337  pm.  There  has  been 
one  measurement  in  snow  that  shows  extinction  varies  linearlv  with  snow- 
fall rates.  Two  measurements  in  rain  dc  not  agree  but  are  approximately 
linear  with  rainfall  rate  and  are  less  for  a given  rate  than  the  attenu- 
ation in  snow. 


FLUCTUATIONS 

One  area  not  mentioned  was  that  of  fluctuations  where  there  are  only 
three  or  four  investigators.  Hie  conclusion  from  these  papers  is  that 

fluctuations  decrease  witli  increasing  absorption.’ 

CRITICAL  DATA  INADEQUACIES 

From  the  brief  outline  presented  here,  it  is  easy  to  see  that  infor- 
mation is  lacking  in  almost  every  segment  of  propagation.  If  it  were 
necessary  to  seLect  one  area  that  needs  the  most  attention  it  would  have 
to  be  the  correlation  of  atmospheric  propagation  with  meteorological 
parameter s . 
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To  fill  this  need,  the  US  Army  Missile  Command  has  started  a program 

to  obtain  this  type  data/’  Figure  4 shows  the  SMMW  radar  currently  in 
use  at  the  US  Army  Missile  Command.  It  is  hoped  that  over  several  years 
this  system  will  provide  a statistically  meaningful  data  base  for  future 
modeling  of  SMMW  system  performance. 
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US  Army  Missile  Command 
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and 

Paul  W.  Kruse 

Honeywell  Corporate  Research  Center 
Bloomington,  Minnesota  55420 

ABSTRACT 

If  the  US  Army  is  to  operate  well  during  inclement  weather,  including 
fog,  rain,  snow,  and  low-lying  clouds,  it  must  have  a transportable  system 
which  will  provide  a visual  image  at  ranges  of  1 to  5 km  consistent  with 
direct-fire  weapons.  The  combined  requirements  of  limited  antenna  aperture, 
small  beam  divergence,  reasonable  atmospheric  absorption,  and  low  scattering 
from  aerosols  direct  us  to  the  submillimeter  portion  of  the  spectrum. 

We  envisage  a system  employing  a submillimeter  source  feeding  an  antenna 
(mirror)  approximately  1 m in  diameter.  the  illumination  beam  is  scanned  over 
the  target  area  at  TV  frame  rates.  The  receiver  probably  uses  the  same 
antenna,  with  the  receiving  element  slightly  displaced  to  compensate  for  the 
transit  time  during  the  dwell  time  on  a resolution  element.  The  return  signal 
is  used  to  paint  a TV- like  image  on  a CRT. 

In  1974,  Kruse  performed  an  initial  an. .lysis  of  such  a system.  The 
predicted  performance  was  good  enough  to  arouse  Army  interest,  and  marginal 
enough  to  require  a detailed  experimental  assessment.  This  paper  describes 
the  beginning  of  that  assessment. 

INTRODUCTION 

During  the  fall  and  winter  months,  the  visibility  in  WesL  Germany  is  less 
than  1 km  during  one  out  of  three  mornings.  On  the  average,  these  morning 
fogs  last  5 to  6 hours,  often  not  lifting  until  midday  [l|. 

If  the  US  Army  is  to  operate  well  during  inclement  weather,  including 
fog,  rain,  snow,  and  low-lying  clouds,  it  must  have  a transportable  system 
which  will  provide  a visual  image  at  ranges  of  1 to  5 km  consistent  with 
direct-fire  weapons.  The  combined  requirements  of  limited  antenna  aperture, 
small  beam  divergence,  reasonable  atmospheric  absorption,  and  low  scatLeiing 
I rom  aerosols  direct  us  to  the  submillimeter  portion  ol  the  spectrum. 

We  envisage  a system  employing  a submillimeter  source  feeding  an  antenna 
(mirror)  approximately  1 m in  diameter  (Figure  1).  The  illumination  beam  is 
scanned  over  the  target  area  at  TV  frame  rates.  The  receiver  probably  uses 
the  same  antenna,  with  the  receiving  element  slightly  displaced  to  compensate 
tor  the  transit  time  during  the  dwell  time  on  a resolution  element.  The 
return  signal  is  used  to  paint  a TV-like  image  on  a CRT.  In  addition  to 
providing  the  imaging  lot  target  acquisition,  the  system  i mid  proviue 
guidance  tor  the  delivery  ot  a weapon  system. 
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In  1974,  Kruse  performed  an  initial  analysis  12,3)  of  such  a system. 

The  predicted  performance  was  good  enough  to  arouse  Army  interest,  and 
marginal  enough  to  require  a detailed  experimental  assessment.  This  paper 
describes  the  beginning  of  that  assessment. 

There  are  two  key  issues:  (1)  does  submillimeter  radiation,  in  fact, 

penetrate  the  atmosphere  as  assumed,  and  (2)  Jo  tactical  targets,  in  fact, 
provide  sufficient  return  of  a type  useable  to  develop  images? 

PROPAGATION 

A detailed  look  at  the  propagation  question  lias  been  presented  in  another 
paper  [4),  and  we  refer  the  reader  to  that  publication.  From  what  is  known 

about  scattering,  we  quickly  conclude  that  wavelengths  longer  than  100  ..  are 

required  to  penetrate  inclement  weather.  Based  on  our  knowledge  of  absorption, 
it  is  known  that  in  the  submillimeter  region  o£  the  spectrum  there  are 
atmospheric  attenuation  windows.  Several  of  these  windows  are  presented  in 
Table  I.  The  attenuation  values  presented  are  for  a relative  humidity  ot 
approximately  43  percent.  These  attenuation  values  are  not  known  accurately. 
To  indicate  the  uncertainty,  a range  of  experimentally-obtained  attenuation 
values  are  presented  in  the  table.  The  three  longer  wavelength  windows  have 
been  selected  for  our  initial  study.  For  ease  in  recalling  the  window 
position,  and  because  the  position  of  the  minimum  in  the  windows  are  still 
uncertain,  the  windows  are  denoted  as  1.3,  0.85,  and  0.75  mm. 

There  are  a large  number  of  data  inadequacies  in  the  area  ol  submilli- 

meter propagation.  There  are  no  experimental  data  on  scattering.  Measurements 
of  clear  air  absorption  are  inadequate  due  to  their  limited  number  and  the 
luck  of  accompanying  meteorological  measurements.  Present  theories  are 
inaccurate  in  the  window  regions,  and  fluctuations  are  not  adequately 
explained.  Even  though  there  are  a number  of  critical  data  inadequacies, 
there  is  sufficient  information  to  obtain  a preliminary  evaluaLion  of  a system 
concept . 


DETECTORS  AND  SOURCES 

To  answer  the  second  question  "can  wc  form  an  image,"  we  must  iirsl 
determine  it  adequate  detectors  and  transmitters  exist.  Table  II  presents  a 
brief  list  of  available  detectors.  A detailed  discussion  on  submil limelcr 
detectors  is  presented  by  Putley  and  Martin  [51.  For  an  operational  system, 
a superheterodyne  receiver  will  be  required.  InSb  has  operated  as  a super- 
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heterodyne  detector  at  1.5JK  with  an  NEP  of  approximately  10  ” W/Tlx  . The 
best  performance  lor  a room  temperature  detector  has  been  with  a Schottkv 

diode  where  an  NEP  of  10  W/Ilz*  ~ was  obtained  | 6 | . This  value  is  some  four 

- 1 9 1 '2 

orders  ot  magnitude  worse  than  ideal.  An  NEP  ot  10  W II;:  is  expected  in 

a 1-  to  3-year  timeframe  by  optimizing  the  detector  for  the  suhmi 1 1 imeter 
region. 

Solid  state  and  tube  sources  exhibit  a rapid  tall  oil  in  power  output 
with  increasing  frequency  as  one  approaches  the  suhmi 1 1 imeter  re  i on 


Id 
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(Figure  2).  There  are  carcinotrons  available  commercially"  that  will  provide 
approximately  1 W of  average  power  in  the  wavelength  region  of  interest.  The 
Russians  have  developed  backward  wave  oscillators  working  in  this  wavelength 
region  that  are  used  for  propagation  measurements  [ 8 1 . Optically-pumped 
submi 1 1 ime ter  lasers  offer  the  promise  of  providing  1 W of  average  power. 

Peak  powers  in  the  pulsed  mode  of  megawatts  have  already  been  obtained.  An 
up-to-date  listing  of  over  500  lines  already  obtained  in  the  submillimeter 
region  is  presented  by  Rosenbluh  et  al  [8|"'.  Figure  3 shows  one  of  the 
submillimeter  lasers  (a  metal  waveguide)  being  used  at  the  IS  Army  Missile 
Command.  The  C0?  pump  laser  is  shown  (also  a waveguide  laser)  in  the  fore- 
ground. in  the  far  background  is  a dielectric  waveguide  submillimeter  laser. 
We  selected  the  laser  for  our  submillimeter  source  because  of  cost. 

SYSTEM  PERFORMANCE 

Using  our  knowledge  about  components  and  propagation,  the  performance  ol 
a submillimeter  wavelength  imaging  system  using  the  parameters  presented  in 
Table  ill  was  calculated.  For  standard  conditions,  it  was  found  that  the 
operational  range  is  limited  to  approximately  1 km  (Figure  4).  It  was  also 
discovered  that  source  powers  in  excess  of  1 W are  not  required. 

Fogs  occur  normally  in  the  fall  and  winter  months  when  the  water  vapor 

3 

content  of  the  atmosphere  is  much  lower  than  the  7.5  g/m  that  was  used  to 
calculate  Figure  4.  Because  submil  1 imeter  wave  atmospheric  attenuation  is 
directly  proportional  to  the  water  vapor  density  in  the  atmosphere,  the  fall 
and  winter  months  should  exhibit  much  lower  absorption.  This  effect  is  shown 
in  Figure  5 where  the  operating  range  of  a submillimeter  system  is  calculated 
when  the  meteorological  visibility  ranges  from  0.1  to  1.0  km. 

SPECKLE  NOISE 

Our  calculations  predict  that  a submillimeter  wave  system  will  be  able 
to  detect  signals  from  targets  at  acceptable  ranges  during  periods  ol  low 
visibility;  however,  the  calculations  reveal  nothing  of  the  abilitv  to  image. 
There  are  three  questions  that  need  to  be  answered  before  we  c in  determine  it 
imaging  is  possible:  (1)  What  are  the  effects  of  speckle  noise  on  the  system.' 

(2)  Can  we  handle  the  dynamic  range  required  to  produce  images.’  (31  Was  our 
assumed  reflectivity  of  10  percent  (Table  111)  a realistic  value  to  use  in 
calculating  system  performance? 


■-•■The  French  CSF  CO  10.1  o-type  carcinotron.  Also,  V. irian  of  Canada  makes 
a kylstron  operating  at  approximately  220  C.llx. 

**The  reader  should  be  informed  that  the  listing  was  extracted  from  the 
literature  without  experimental  review,  and  that  there  are  errors  in  such  areas  as 
the  CO,  pump  lines. 
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Speckle  noise  arises  because  we  have  a coherent  system,  rhe  effect  • >f 
speckle  on  an  imaging  system  have  been  evaluated  [9,101.  It  has  been  found 
that  the  effective  resolution  of  a coherent  system  is  reduced  by  a factor  at 
five  or  more  due  to  speckle  noise  [91.  This  effect  is  shown  in  Figure  6. 

On  the  left  is  an  image  taken  in  incoherent  light  at  fairly  low  resolution. 

On  the  right  is  the  same  image  taken  with  coherent  light  with  very  drastic 
and  high  contrast  speckle.  The  target  is  virtually  unrecognizable  and 
undetectable;  however,  the  image  information  can  be  extracted  from  this 
"jumble  of  spaghetti"  by  appropriate  averaging.  If  diverse  images  of  the 
target  are  combined  with  no  correlation  between  images,  the  speckle  noise  can 
be  averaged  to  as  close  to  zero  as  required.  This  can  be  done  with  different 
polarizations , different  frequencies,  and  with  the  slight  angular  shifts.  As 
you  see,  a diversity  of  40  goes  a very  long  way  towards  restoring  the  complete 
image.  The  actual  required  diversity  varies  with  the  contrast  and  the  resolu- 
tion of  the  system  f 10  J . 


DYNAMIC  RANGE 

To  determine  the  answers  to  the  questions  about  dynamic  range  and 
reflectivity,  it  was  decided  to  simulate  the  performance  of  a submillimeter 
imaging  system  by  using  an  existing  3.2-mm  imaging  system  1 1 | . Images,  such 
as  those  shown  in  Figure  7,  which  simulate  ranges  of  0.7  and  2.5  km  were 
obtained  as  well  as  high- resolut ion  images  (12).  A detailed  index  of 
images  [ 13 | as  well  as  the  digital  images  are  available  from  the  VS  Army 
Missile  Command  for  qualified  recipients.  The  presence  of  speckle  is  quite 
apparent  in  the  images  — no  diversity  was  used  during  the  recording  of  these 
images.  The  fact  that  the  images  were  recorded  is  evidence  that  the  dynamic 
ran  e c in  be  handled.  To  provide  a measure  of  the  average  reflectance  at 
3.2  mm  and  to  quantify  the  required  dynamic  range,  all  the  data  were  cali- 
: id  -I  ist  the  ref  lectance  from  a 2-in.  diameter  gold  sphere.  A hi  t<  i 
at  the  data  from  one  of  the  image  files  is  shown  in  Figure  8.  As  can 
from  the  histogram,  a dynamic  range  of  40  dB  is  required  to  record  the  entire 
image.  The  file  is  displayed  on  the  right  of  Figure  8 using  eight  grc\  tones 
spread  over  a dynamic  range  of  approximately  25  dB. 

CONCLUSIONS 

The  results  of  the  experiments  and  calculations, to  date, suggest  that  a 
submillimeter  imaging  radar  could  provide  the  Army  an  ability  to  operate  in 
inclement  weather,  but  it  will  require  a comprehensive  program  of  magnitude 
comparable  to  that  which  led  to  present  FL1R  technology  or  to  laser  range 
rangefinder/designator  technology.  It  will  take  a decade  to  develop  opera- 
tional capability.  If  current  studies  prove  that  the  Army  needs  can  be 
satisifed  witli  a submillimeter  system,  the  system  requirements  will  have  a 
major  impact  on  submillimeter  technology  during  the  next  decade. 
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TABLE  L.  ATMOSPHERK  WINDOWS 
IN  SUBMILUMETER  REGION 


Wavelength 

(mm) 

Attenuation 

(dB/km) 

0.73 

17  to  19 

0.88 

8 to  13 

1.24  to  1.4 

2.6  to  2.1 

0.337 

75 

Note:  Attenuation  tor  standard 

conditions  (1  atms,  293  K, 

7.5  g/m3  water  vapor). 


TABLE  III.  SUBMILLIMETER  WAVE  DETECTORS 


1/2 

NEP  (W/l!zl/^) 
at  500  pm 

Response  Time 
(sec) 

Thermal 

Ideal  (Room  Temperature) 

5.5  ■ 10~U 

Colay  Cell  (300JK) 

io- 10 

_ > 

10  “ 

Ideal  (1.5 “K) 

9.8  io"1' 

Ge  Bolometer 

- 12 

3 10 

io"3 

Photoconduc  tor 

Ideal  (1.5  K) 

1.8  IO"14 

1 nSb  (II  Field) 

IO’ 11 

2 • IO-7 

Junction 

Scliottky  Diode  (300  K) 

Hf16 

losephson  Junction  (l.4°K) 

IO*  17 

Hf  8 

Supe  rliete  rodyne 

I dea  1 

_ ) ) 

2 10 

I nSb 

- 20 

-10 
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TABLE  I LI.  ASSUMPTIONS  AND  CHARACTERISTICS 
OK  INCLEMENT  WEATHER  IMAGING  SYSTEM 


Frequency  [ oju  p 


Antenna  Aperture 
Quantum  Efficiency 
Display  S/N 


Res  oLution/ Frame 


100  ■ 100  Elements 


Frame  Rate 


Target  Reflectivity 


Clear  Attenuation 


10  dii/km 


Rain  Attenuation 


15  dB/km 


Fog  Attenuation 


2 cilt/  km 


Visibility  in  Fog 


270  m at  0.1  gm/m  H.,0 
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CW  OR  AVERAGE  POWER  — WATTS 


SYSTEM  CONCEPT.  A SUBMILLIMETR  WAVE  IMAGING  SYSTEM  WITH 
A ONE-METER  APERTURE  TO  LOCATE  AND  DIRECT  FIRE  AGAINST 
TARGETS  CONCEALED  BY  FOG  OR  SMOKE. 


GYROTRON 


IMICRCWAVF 

Vy  tubes 


JRiOOED 

TUBES 


MAXIMUM  LIMITS  OF 
AVERAGE  OUTPUT  POWER 
LIMITS  ON  OUTPUT  POWER 
AS  A FUNCTION  OF  FRE- 
QUENCY FOR  TUBE  AND 
SOLID  STATE  SOURCES 
FROM  MICROWAVES  p.  14, 
JULY  1976. 


SOLID  STATE 


lTHEORETi  \ 

In0*1  \ 

\ .UMIT  FOR 
\ . SOLIO 
\ STATE 
\ 0EV>CES 


RAC  TORS', 
' ANO 
IMPATTS 


FREQUENCY  - GHZ 


FIG.  3.  OPTICALLY  PUMPED,  SUBMILLIMETER  WAVEGUIDE  LASER.  THE 
WAVEGUIDE  CO?  LASER  USED  AS  AN  OPTICAL  PUMP  IS  SHOWN 

IN  THE  FOREGROUND.  THE  GOLD  TUBE  IS  THE  METAL  WAVE 
GUIDE  OF  THE  SUBMILLIMETER  LASER.  A DIELECTRIC  WAVE 
GUIDE  SUBMILLIMETER  LASER  CAN  BE  SEEN  IN  THE  FAR 
BACKGROUND. 
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IG.  4.  RANGE  OF  AN  INCLEMENT  WEATHER  750  urn  SYSTEM.  PARAMETERS 
FROM  TABLE  III  WERE  USED  TO  CALCULATE  THESE  CURVES. 
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v 850  WINTER 


FIG.  5. 


Y 750  WINTER 


POWER  - I WAT  T 
DISH  • I METER 
S/N  • 50 
REFLECTIVITY  • 10% 
SCAN  • 5 KHz 


04 

VISIBILITY  (Km) 


05 
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SUBMILLIMETER  OPERATING  RANGE  IN  WINTER  AS  A FUNCTION  OF 
VISIBILITY.  A STANDARD  METEOROLOGICAL  DEFINITION  OF 
VISIBILITY  IS  USED. 
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FIG.  6.  EFFECTS  OF  SPECKLE  NOISE  ON  RESOLUTION.  ON  THE  UPPER 
LEFT  IS  AN  INCOHERENT  IMAG!  PRODUCED  BY  AN  IMAGING 
SYSTEM  WITH  A RESOLUTION  MEETING  THE  IDENTIFICATION 
CRITERIA  FOR  THE  CAR.  ON  THE  UPPER  RIGHT  IS  A COHERENT 
IMAGE  USING  THE  SAME  OPTICAL  SYSTEM.  SPECKLE  NOISE  CAN 
BE  REDUCED  BY  ADDING  IMAGES  WITH  STATISTICALLY  INDEPENDENT 
SPECKLE  NOISE  AS  IS  SHOWN  IN  THE  BOTTOM  PICTURE  WHERE 
40  IMAGES  HAVE  BEEN  ADDED. 
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0 5 M RESOLUTION  (Or»m) 
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I S M RESOLUTION  (2 


0 5 M RESOLUTION  10  7kir>) 

parallel  polarized  micqm  6?st~i 

FIG.  7.  3.2mm  IMAGES  OF  MILITARY  VEHICLES.  THE  IMAGES  ON  THE  LEFT 

SIMULATED  A OPERATING  RANGE  FOR  A 700  urn  SYSTEM  OF  0.7  KM. 
THE  IMAGES  FROM  LEFT  TO  RIGHT  ARE  A TRUCK,  JEEP  AND  TANK 
THE  IMAGE  ON  THE  RIGHT  SIMULATES  2.5  KM  RANGE  AND  CONTAINS 
A TRUCK,  TANK  AND  OIL  STORAGE  TANK.  THE  SPECKLE  NOISE  IN 
THESE  IMAGES  IS  APPARENT. 
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S 2 mm  IMAGE  OATA  HISTOGRAM  y,[0>  , 

FIG.  8.  DYNAMIC  RANGE  OF  3.2mm  IMAGES:  THE  AXIS  LABELED  CROSS  SECTION 

REFERENCES  THE  REFLECTIVITY  MEASURED  IN  THE  IMAGE  TO  THE 
REFLECTIVITY  OF'  A 2-INCH  GOLD  SPHERE. 
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ABSTRACT 

A considerable  gap  exists  today  between  field  data-atmospheric 
propagation  models  and  synergistic  systems  engineering.  This  gap  is 
characterized  in  the  case  of  field  data  by  an  inadequate  scope  to  allow 
complete  description  of  the  E-0  system  performance  under  meaningful 
battlefield  conditions.  Additionally,  those  propagation  models  that 
exist  and  are  validated  consume  an  excessive  amount  of  computation  time 
for  specific  condition  evaluation  of  the  E-0  system  performance  even 
when  the  E-0  system  performance  has  been  modeled  in  a compatible  form. 
These  difficulties  increase  geometrically  when  many  E-0  systems,  both 
friend  and  foe,  are  played  off  in  realistic  condition  simulations. 

To  bridge  this  gap,  we  propose  the  development  of  parametric  models 
of  limited  visibility  conditions  as  they  spatially  and  temporally  effect 
E-0  system  performances.  In  this  paper,  we  outline  the  development  of 
a simple  haze/fog/smoke  (HFS)  model  for  use  in  a few-on-few  simulation. 

The  simulation  is  run  using  the  Performance  and  Cost  Analysis  Model 
(PERCAM).  In  this  outline,  we  show  the  limitations  placed  on  the  smoke 
model  by  the  structure  of  the  simulation.  The  design  of  the  simulation 
necessitates  the  use  of  a statistical  format  for  the  smoke  model. 

Accurate  results  depend  on  utilizing  a sufficient  number  of  Monte  Carlo 
iterations.  Hence,  the  detail  of  the  statistical  model  increases  the 
size  and  time  requirement  of  the  simulation.  Further,  the  simulation 
structure  is  designed  such  that  the  user  describes  relevant  functions 
by  means  of  a set  of  particular  catalogued  components.  A particular 
evaluation  component  is  restricted  to  be  a function  of  at  most,  four  (4) 
independent  variables.  Within  these  limitations,  we  develop  the  smoke 
model  from  existing  data/propagation  models  in  terms  of  dynamic  parametric 
inputs  that  yield  systematic  effects  in  a computational  timeframe  main- 
taining the  usefulness  of  the  overall  simulation.  As  an  ongoing  check 
during  model  development,  the  smoke  model  is  subjected  to  deficiency 
analyses  and  the  final  deficiency  analysis,  for  the  final,  implemented 
model,  is  reviewed.  Next,  the  results  of  overall  simulation  exercises 
are  presented  for  typical  scenarios  and  various  limited  visibility  con- 
ditions including  haze,  fog,  and  large  and  small  area  smoke  in  conjunction 
with  base-line  terrain-only  exercises.  Typical  scenarios  include  tank- 
tank  and  tank-antitank  engagement.  The  apparent  systems'  deficiencies 
are  discussed  in  terms  of  the  deficiency  analyses  of  the  HFS  model. 

Future  needs  for  field  data  and  propagation  models  to  improve  parametric 
models  are  described. 
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(U)  The  effect  of  Haze,  Fog,  and  Smoke  (HFS)  on  the  prosecution  of 
military  operations  is  twofold:  the  physical  and  the  psychological.  The 

simulation  of  the  psychological  effect  is  difficult  due  to  the  lack  of 
concise  data  and  for  the  purpose  of  this  analysis  will  be  limited  to  a 
degradation  of  reaction  time.  Concentration  will  be  placed  on  the 
physical  effect. 

(U)  For  imaging  E-0  devices  and  the  human  eye,  the  physical  effect 
of  HFS  is  contrast  degradation  due  to  scattering  rather  than  the  extreme 
case  of  absorption.  This  physical  effect  and  the  typical  inner  intercept 
boundaries  of  systems  such  as  TOW  and  DRAGON  determined  the  limits  of 
parametrization.  The  cases  considered  were  those  where  the  ATGM's 
Surveillance  - Acquisition  - Identification  - Track  (SAIT)  was  operative 
beyond  this  boundary  and  was  the  most  crucial  factor  in  system  operation. 2 

(U)  The  effect  of  tank  speed  on  detection  was  neglected  except  as 
it  determined  the  instantaneous  range  between  the  tank  and  the  AGTM,  and 
the  Pd  was  assumed  to  be  distributed  in  range  in  Gaussian  Form.  Thus 

PD  (TANK)  = exp  [-AR2]  (1) 

when  R=  range  and  A is  a parameter  incorporating  contrast  degradation, 
and  the  optics  of  the  situation. 

(U)  For  the  ATGM,  the  Pq  has  the  form, 

PD  (ATGM)  = exp  [-ABR2]  (2) 

when  B is  the  ratio  of  the  characteristics  area  of  the  tank  to  the 
characteristic  area  of  the  ATGM  launcher.  A strict  interpretation  of 
this  parameter  removes  all  motional  contribution  to  the  Pd  form. 

(U)  In  this  analysis,  we  assigned  a Pd  (TANK)  of  .14  at  the  visibility 
range  (either  .3-9  p or  8-14  p).  This  selection  is  arbitrary  and  the 
results  were  used  only  in  a relative,  comparative  manner,  (e.g.  ATGM 
has  a night  sight.  Tank  does  not)  The  SAIT  mismatches  between  Tank  and 
ATGM  were  incorporated  in  the  B parameter.  This  is  equivalent  to  assum- 
ing that  the  target  dimension  and  spectral  wavelength  contributions  to  Pd 
are  geometric  and  therefore  separable. 
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(U)  The  extension  of  A to  the  IR  from  the  visible  is  facilitated  by 
the  assumption  that  scattering  only  is  important  to  first  order. 


Nr_  °SCUR)  I0(IR) 

\lS  " Jsc<VIS>  I0(VIS> 


(3) 


Where  °sc  is  the  scattering  cross  section  of  the  media,  and  I0  is  a 
representative  intensity  without  the  media.  It  is  further  possible  by 
judicious  selection  of  the  I0's  to  estimate  equation  (3)  as 


A = A 
IR  VIS 


IR 

''vis 


(4) 


(U)  The  total  system  simulation  that  was  utilized  for  this  study 
was  PERCAM.  PERCAM  4 -js  a performance  and  operational  cost  analysis 
model  that  was  developed  to  integrate  Army  air  defense  requirements  with 
advanced  R&D  technology,  and  modified  to  study  land  combat  requirements. 

It  can  be  used  to  determine  the  effectiveness  of  a system  both  technically 
and  from  a cost  standpoint.  The  system  being  analyzed  can  be  either 
offensive  or  defensive. 

(U)  N attackers  versus  M defenders  and  L targets  can  be  simulated. 
The  scenario  is  entirely  flexible  including  the  option  of  having  groups 
of  attackers  in  formation.  The  program  size,  detail,  and  turnaround  time 
are  flexible  depending  on  the  degree  of  detail  of  the  data  base  the  user 
desires. 


(U)  This  flexibility  is  available  because  of  a tool  known  as  event 
logic  trees  or  sometimes  called  element  trees.  The  user  can  select  from 
a library  any  components  that  he  wishes  to  employ  in  constructing  the 
element  tree  that  will  describe  the  attacker  or  defender  tactics.  The 
preprocessor  develops  the  defender  and  attacker  performance  subroutines 
based  on  which  components  are  utilized. 

(U)  A simple  illustration  of  employing  element  trees  is  the  func- 
tional description  of  a tiger  stalking  its  prey.  (1)  Determine  proba- 
bility of  a successful  attack  based  on  range  and  bearing  of  prey.  (2) 
Decide  either  to  attack  or  not  to  attack.  (3)  Continues  along  if  there 
is  no  attack.  (4)  If  attacking,  action  can  be  interpreted  in  terms  of 
probability  of  kill.  (5)  Launching  an  attack  consumes  some  time.  (6) 
Attack  results  in  either  a kill  or  (7)  no  kill.  This  element  tree  is 
presented  in  figure  1. 
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Figure  1.  Tiger  Stalking  Prey  Element  Tree 


This  is  a simple  example  utilizing  only  a few  of  the  basic  components 
available.  It  should  be  noted  that  the  statistical  data,  e.g.,  Pq  can 
be  described  as  a function  of  up  to  four  (4)  independent  variables.  The 
decision  component  is  determined  by  comparing  a computed  probability  with 
a randum  number  from  0 to  1 . Not  only  does  the  utilization  of  element 
trees  allow  user  flexibility,  it  also  allows  the  influence  of  an  individual 
component  on  total  system  effectiveness  to  be  observed.  A Monte  Carlo 
iterative  process  is  employed  since  the  engagement  outcome  is  a function 
of  a number  of  probabilities.  Normalized  results  are  achieved  by  replay- 
ing the  engagement  as  many  times  as  the  user  specifies. 

(U)  There  are  certain  restrictions  placed  on  the  Haze-Fog-Smoke  model 
by  integrating  it  into  PERCAM.  The  HFS  model  must  be  statistical  by  nature 
to  be  implemented  as  an  element  in  the  event  logic  tree.  For  this  reason 
the  model  is  a calculation  of  Pq.  It  is  limited  to  being  a function  of  not 
more  than  four  (4)  independent  variables.  In  this  case  Pq  is  a function 
of  range,  spectral  wavelength,  meteorology,  the  size  of  the  tank,  and  the 
size  of  the  ATGM  launcher.  This  restriction  motivated  grouping  the  last 
four  arguments  into  one  parameter.  The  degree  of  accuracy  of  results  that 
can  be  achieved  using  this  model  is  dependent  on  the  number  of  Monte  Carlo 
iterations  employed.  However,  as  the  number  of  iterations  increases,  the 
computer  time  and  hence  the  simulation  cost  increases.  This  model  was 
used  to  evaluate  advanced  concepts  of  air  defense  systems  in  the  SHORADS 
category  under  adverse  weather  conditions.  The  scenario  in  figure  2 was 
utilized  to  demonstrate  the  effects  of  degraded  meteorological  visibilities 
on  the  performance  of  a SHORAOS  system  against  a fixed  wing  aircraft.  This 
scenario  consists  of  three  (3)  defenders  located  in  position  to  defend  the 
rear  area.  Four  fixed  wing  aircraft  are  approaching  at  a speed  of  250  m/sec 
at  altitude  of  60  meters.  Masking  and  other  critical  parameters  are  ac- 
counted for  in  the  model. 

(U)  Figure  3 shows  the  performance  results  of  the  SHORADS  systems 
when  meteorological  visibilities  are  degraded  from  clear  visibility  of 
23  km.  down  to  poor  visibility  of  2 km.  It  can  be  seen  that  the  proba- 
bility of  kill  is  highest  at  23  km.  visibility.  At  10  km.  visibility 
there  is  a noticeable  degradation  in  kill  probability.  At  5 km.  the  kill 
probability  is  very  poor,  and  by  2 km.  the  probability  of  kill  has  dropped 
to  zero.  The  location  of  the  attackers  relative  to  the  defenders  in  the 
scenario  account  for  attackers  3 and  4 having  lower  kill  probabilities. 

(U)  The  effect  of  degraded  meteorological  visibility  is  illustrated 
in  figure  3 where  the  SHORADS  system  relies  on  visual  detection.  However, 
in  figure  4,  when  the  visual  detection  is  replaced  by  RF  detection,  prefer- 
ably passive,  the  total  system  effectiveness  is  not  greatly  reduced  by 
degraded  meterological  visibility  even  though  an  IR  sensor  is  used  for 
acquisition. 
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(U)  Next  the  model  was  used  to  simulate  a land  combat  engagement. 

The  Tank  - ATGM  conflict  was  simulated  in  the  following  manner:  the  tank 

speed  was  taken  to  be  between  8 and  12  m/sec,  the  tank  gun  shell's  average 
speed  was  500  m/sec  and  the  reload  time  was  8 seconds.  The  tanks  came 
to  a complete  halt  when  firing  and  were  constrained  to  make  no  evasive 
maneuvers.  No  terrain  or  clutter  masking  was  included.  The  tanks  were 
uncorrelated  to  the  extent  that  each  tank  was  required  to  detect  the 
ATGM  site  independently.  The  ATGM  average  speed  was  350  m/sec.  The 
reload  time  was  varied  from  0 to  90  seconds  by  30  second  increments.  The 
ATGM  site  could  completely  exercise  the  SAIT  function  while  an  ATGM  was 
in  flight,  but  could  not  reload.  Pk  of  the  ATGM  was  taken  to  be  .95  and 
its  maximum  range  3 km.  The  ATGM  was  assumed  to  have  one  second  of  level 
flight  without  guidance  to  incorporate  post  ATGM  site  destruction  tank 
kills  if  they  occurred. 

(U)  The  plan  of  battle  modeled  the  situation  as  a small  representa- 
tive part  of  a concerted  real  tank  assault  on  a Blue  FEBA.  No  retreat 
was  allowed.  Tanks  detecting  the  ATGM  site  were  diverted  toward  the  site 
at  maximum  speed.  Pu  of  the  tank  gun  was  modeled  as  4 straight  line 
approximations  for  tne  T-62  tank  5 with  small  arms  fire  added  at  short 
range. 

(U)  Four  visibility  scenarios  were  chosen:  an  unaided  eye,  1200  m 

nominal  visibility  day,°  the  ATGM  SAIT  enhanced  with  a night  sight  that 
doubled  the  nominal  visibility,  the  Tank  SAIT  similarly  enhanced,  and  both 
Tank  and  ATGM  SAIT  enhanced.  Three  functions  were  measured  in  the  simula- 
tion; the  probability  that  the  ATGM  site  would  be  destroyed  in  the  engage- 
ment, the  expected  number  of  tanks  destroyed  per  engagement,  and  the  ex- 
pected standoff  range. 

(U)  The  results  of  the  simulation  are  shown  in  figure  5.  Several 
conclusions  may  be  drawn  from  this  figure.  As  the  reload  time  increases, 
the  unaided  eye,  ATGM  system  will  approach  a one-for-one  trade.  Equip- 
ping tanks  with  night  sights  is  performance  effective  to  the  tank  whether 
the  ATGM  has  a night  sight  or  not  because  it  offers  an  offset  to  ATGM's 
with  night  sights  and  excellent  performance  against  ATGM's  without  night 
sights.  Equipping  ATGM  sites  with  night  sights  improves  performance 
markedly  even  if  the  tank  has  a night  sight. 
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FUTURE  EFFORTS 


(U)  Several  future  efforts  are  planned  using  this  model  as  extensions 
of  this  investigation.  The  inclusion  of  terrain  and  clutter  masking  with 
maneuvering  tanks  incorporating  masking  doctrine  is  planned.  Further, 
trade-offs  between  coherent  and  non-coherent  IR  images  with  conventional 
and  f i re-and-forget  missiles  will  be  conducted.  Eventually,  weapons 
mixes  and  larger  scenarios  will  be  investigated. 
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ABSTRACT 

A comprehensive  program  to  determine  water  vapor  absorption  as  a func- 
tion of  pressure,  temperature,  and  frequency  in  the  3-5  and  8-12  pm  re- 
gions is  underway  at  the  Atmospheric  Sciences  Laboratory.  Water  vapor 
continuum  measurements  in  the  3.5-4. 1 pm  region  are  presented  in  this 
paper.  The  measured  continuum  absorption  under  midlatitude  summer  (MLS) 
conditions  is  approximately  a factor  of  two  larger  than  predictions, 
lhe  impact  of  these  results  on  a recent  investigation  of  thermal  imaging 
systems  is  discussed.  Absorption  coefficients  for  the  Navy/ARPA  Chemical 
Laser  (NACL)  for  MLS  conditions  are  given. 

INTRODUCTION 

An  accurate  and  detailed  knowledge  of  atmospheric  transmission  is  es- 
sential to  the  design,  performance  evaluation,  and  comparative  testing 
of  electro-opti cal  systems.  While  many  constituents  contribute  to  the 
total  atmospheric  attenuation,  the  absorption  due  to  water  vapor  is  of 
greatest  concern  to  system  performance.  Furthermore,  the  transmission  in 
and  at  the  edges  of  the  two  major  transmission  windows  (3. 0-5.0  pm  and 
8.0-12.0  pm)  is  most  important  since  these  are  the  bands  in  which  infra- 
red devices  must  operate.  The  generally  low  values  of  absorption  in 
these  spectral  regions  necessarily  make  them  the  most  difficult  to  under- 
stand, and  to  model  adequately. 

Early  measurements  [1]  of  transmission  did  not  include  a measure  of 
the  water  vapor  continua  and  consequently,  propagation  predictions  and 
design  studies  based  on  them  often  lead  to  erroneous  absolute  and  rela- 
tive performance  predictions.  As  a case  in  point,  in  early  years  trans- 
mission at  the  carbon  dioxide  (C02)  and  deuterium  fluoride  (DF)  laser 
frequencies  was  considerably  overpredi cted , since  the  magnitude  of  the 
continuum  absorption  was  not  generally  known. 

The  general  effect  of  these  uncertainties  is  illustrated  by  the  his- 
torical development  of  broadband  FLIRs,  which  are  generally  designed  to 
operate  in  either  the  3-5  or  8-12  ,.m  atmospheric  windows.  Early  design 
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studies  [2,  3,  4]  were  based  on  atmospheric  transmission  measurements  by 
Yates  and  Taylor  [1],  which  were  reduced  in  such  a way  to  omit  the  10  ym 
water  continuum.  Thus,  these  design  studies  predicted  optimistically 
high  performance  for  FLIRs  operating  in  the  long  wavelength  window,  re- 
lative to  systems  operating  in  the  3-5  um  window. 

Later  studies  of  relative  performance  of  short  and  long  wavelength 
FLIRs  [5,  6,  7]  were  based  on  the  Lowtran  II  atmospheric  transmission 
model  [8],  which  included  a 10  pm  continuum  but  did  not  include  the  4 pm 
continuum.  It  now  appears  that  this  10  ym  continuum  overestimates  the 
absorption  [9].  Thus,  these  studies  tended  to  predict  optimistically 
high  performance  for  the  short  wavelength  FLIRs  relative  to  the  long 
wavelength  FLIRs.  Effective  design  studies  and  systems  analyses  clearly 
require  a better  understanding  of  the  water  vapor  conti nua. 

In  this  work,  water  vapor  continuum  measurements  in  the  DF  (3.5-4. 1 
ym)  region  are  presented.  Using  these  results  the  power  weighted  absorp- 
tion coefficient  for  a specific  Navy/ARPA  Chemical  Laser  (NACL)  has  been 
calculated.  The  impact  of  the  new  continuum  data  on  a recently  complet- 
ed FLIR  evaluation  study  [10]  has  been  assessed. 

EXPERIMENTAL  APPROACH 

The  experimental  equipment  includes  long-path  absorption  cells,  spe<'- 
trophones,  line  tunable  pulsed  and  cw  lasers,  and  continuously  tunable 
diode  lasers.  The  long-path  cell  experimental  setup  for  the  DF  laser 
measurements  is  shown  in  Figure  la.  The  DF  laser  sources  used  for  both 
the  absorption  cell  and  spectrophone  measurements  are  grating  tunable 
pulsed  Lumonics  multigas  lasers.  They  have  an  unstable  resonator  front 
reflector  resulting  in  a doughnut-shaped,  near-field  TEM-00  output  beam. 
The  DF  laser  beam  is  made  coincident  with  a visible  He-Ne  laser  beam  by 
using  several  mirrors  M and  one  mirror  M‘  with  a central  hole.  Two  pre- 
cision adjustable  lenses  are  inserted  in  the  He-Ne  beam  to  match  the  ef- 
fective divergence  of  the  two  lasers.  The  DF  output  wavelength  is  check- 
ed by  inserting  a lens  and  spectrum  analyzer  into  the  DF  laser  beam. 

After  the  DF  laser  beam  traverses  the  length  of  the  laboratory,  it  is 
collected  by  mirror  CM1 . Mirror  CM2  is  used  to  match  the  f-number  of  the 
DF  and  He-Ne  laser  beams  to  the  21-m  absorption  cell  optics.  An  optical 
flat  B is  used  to  split  a portion  of  the  beam  to  the  cell  input  detector 
ID.  The  remaining  portion  of  the  beam  passes  through  window  W.  A multi- 
path  through  the  cell  is  obtained  by  using  White-type  reflective  optics. 
The  cell  output  beam  is  detected  by  the  cell  output  detector  00.  Teflon 
membrane  filters  F are  placed  in  front  of  the  detectors  to  diffuse  the 
laser  beam.  Apertures  A are  placed  in  front  of  the  detectors  to  prevent 
detector  saturation.  A more  detailed  account  is  given  elsewhere  [11]. 
Details  of  the  signal  analyzing  system  used  for  the  absorption  cell  sys- 
tem is  described  in  the  literature  [12].  A new  technique,  path  differenc- 
ing, is  used  in  data  acquisition  to  obtain  nearly  time  independent  re- 
sults [13].  The  technique  uses  rapid  changes  between  two  pathlengths  to 
time  average  short-term  and  to  eliminate  long-term  system  drift  normally 
encountered  in  long-path  absorption  cell  measurements.  Path  differences 
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of  from  1008  to  1512  m were  used. 


For  the  water  vapor  absorption  measurements  a measured  amount  of 
water  was  introduced  into  the  21-m  cell  under  vacuum  and  allowed  to 
evaporate.  The  equilibrium  pressure  was  measured  by  a capacitance  mano- 
meter. An  80T/20%  mixture  of  N2/O2  was  used  to  buffer  the  water  vapor 
to  760  torr  total  pressure.  The  water  vapor  partial  pressure  was  moni- 
tored by  a dew-point  hygrometer.  Measurements  were  performed  at  two 
temperatures,  23°C  and  65°C.  The  reference  cell  condition  required  for 
long-path  cell  measurements  was  a 760  torr  80%/20T  mixture  of  N2/O2  with 
the  corresponding  amount  of  water  vapor  pressure  replaced  by  O2  since 
N2  absorbs  at  several  DF  frequencies.  Additional  measurement  technique 
details  are  given  elsewhere  [12,  13]. 

The  pulsed  source  spectrophone  used  for  these  water  vapor  measure- 
ments consists  basically  of  a cylindrical  chamber  with  dominant  longitu- 
dinal acoustically  resonant  mode  near  1 kHz  (Fig.  lb).  This  chamber  is 
positioned  within  another  cylindrical  chamber  made  of  stainless  steel 
which  is  evacuable  and  bakeable.  The  spectrophone  cell  entrance  and  exit 
windows  are  located  in  the  ends  of  this  outer  cylinder  and  are  thus  well 
removed  from  the  entrance  and  exit  aperatures  of  the  interior  resonant 
chamber.  This  arrangement  and  acoustical  dampers  serve  to  avoid  contri- 
butions to  the  spectrophone  output  signal  due  to  the  window  absorption. 

An  aluminum  coated  mylar  diaphragm,  forming  a complete  circular  cylinder 
at  the  perimeter  of  the  inner  chamber,  serves  as  a capacitance  micro- 
phone sensor  for  the  absorption  signal.  The  time  resolved  signals  from 
a number  of  laser  pulses  are  summed  on  a point  by  point  basis,  displayed 
on  an  oscilloscope,  and  photographed  for  analysis.  The  set  of  relative 
absorption  values  is  then  referenced  to  a known  absorption  using  methane 
as  a trace  gas  in  the  same  N2/O2  buffer  gas.  Additional  details  are 
given  elsewhere  [14]. 

EXPERIMENTAL  RESULTS 

65°C  Water  Vapor 

Measurements  of  total  water  absorption  were  made  with  72  torr  of  wa- 
ter vapor  at  65°C.  The  measurements  give  a reasonable  check  on  the  wa- 
ter vapor  theoretical  modeling  and  allow  a comparison  with  the  water  va- 
por continuum  results  of  Burch  [15]  near  his  experimental  conditions. 

The  continuum  values  inferred  from  the  present  data  were  obtained  by  sub- 
tracting the  calculated  HDO  and  H2O  line  contributions  from  the  measured 
total  water  absorption  values.  The  results  are  shown  in  Figure  , alonu 
with  the  continuum  predicted  from  Burch's  measurement . Th<  present  re- 
sults and  the  Burch  results  and  prediction  are  in  substantial  agree'  ^nt . 

23°C  Water  Vapor 

Natural  water  vapor  absorption  coefficients  have  been  m i uri  d ir 
both  the  White  cell  and  in  the  spectrophone  and  deuteriur  t,  • A • > 

vapor  values  have  been  measured  in  the  White  cell  at  .V  witi  a wat<  > 


vapor  pressure  of  14.3  torr.  An  analysis  of  the  deuterium  depleted  wa- 
ter sample  indicated  2 the  natural  HDO  concentration  [16].  Inferred 
continuum  values  at  23°C  have  been  extracted  from  these  absorption 
coefficients.  These  continuum  values  are  given  in  Table  I.  An  average 
of  the  three  sets  of  data  is  shown  as  crosses  in  Figure  3 along  with 
the  continuum  extrapolated  from  the  Burch  measurement  and  published 
measurements  by  the  Ohio  State  University  (OSU)  group  [17,  18].  The 
present  results  indicate  a water  continuum  roughly  twice  as  large  as 
that  of  Burch  near  3.8  urn,  and  about  a factor  of  three  greater  near 
3.5  urn.  The  inferred  OSU  continuum  values  indicate  a continuum  level 
slightly  less  than  present  values. 

The  Burch  measurements  of  water  vapor  continuum  did  not  include  an 
analysis  of  how  the  expected  error  bounds  on  the  self-  and  foreign-in- 
duced coefficients  (Cs  and  Cf)  influence  the  error  in  the  total  water 
continuum  absorption  coefficient  kc.  We  have  used  a Monte  Carlo  tech- 
nique for  evaluating  the  combination  of  the  various  errors  including 
the  effects  of  temperature  extrapolation  [19]. 

Briefly,  the  Monte  Carlo  technique  employed  selects  statistically, 
from  appropriate  distribution  functions,  values  for  all  the  variables 
which  have  an  associated  uncertainty.  The  values  for  these  variables 
are  then  combined,  according  to  the  governing  equation,  to  evaluate  a 
statistical  sample  for  kc.  This  procedure  is  repeated  several  hundred 
times  (each  time  using  new  randomly  generated  numbers),  until  sufficient 
statistics  are  accumulated  to  evaluate  accurately  the  total  uncertainty 
in  kc- 

Results  of  this  analysis  and  a comparison  with  present  results  are 
shown  in  Figure  4.  It  is  seen  that  the  present  values  are  well  above 
the  closest  error  bound.  It  is  concluded  that  the  high  temperature 
measurements  agree  quite  well  with  the  Burch  measurements,  but  that 
the  23°C  extrapolation  of  Burch  underestimates  the  continuum  by  at 
1 east  a factor  of  two . 

APPLICATIONS  TO  E-0  SYSTEMS 

An  understanding  of  the  water  vapor  continua  in  both  t he  3. 0-5.0  ,.m 
and  the  8.0-12.0  pm  regions  is  important  for  predicting  performance  of 
hi gn  energy  laser  (DEL;  devices,  and  for  performance  evaluations  of 
broadband  systems.  We  have  applied  the  present  results  to  predicting 
atmospheric  molecular  absorption  of  power  extracted  from  the  Navy/ARPA 
Chemical  Laser  (NACL).  Although,  absorption  at  a given  NACL  frequency 
is  the  sum  of  several  water  vapor  and  mixed  gas  components,  the  primary 
absorbers  for  the  canonical  midlatitude  summer  model  atmosphere  are 
HDO  lines  and  the  water  vapor  continuum. 

Table  II  shows  the  fractional  power  output  ot  the  laser  on  the  vari- 
ous laser  lines  [20].  The  power  weighted  absorption  coefficient  is  cal- 
culated in  the  table  as  0.106  km-1.  The  bottom  row  in  the  table  shows 
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the  individual  contributions  to  the  power  weighted  coefficients  as  0.086 
for  H2O  and  0.020  for  the  other  mixed  gases. 

The  NACL  effective  absorption  coefficient  value  of  0.106  km-1  is 
about  twice  the  value  of  0.05  km-1  that  has  commonly  been  quoted  for  the 
OF  lasers.  This  discrepancy  has  three  basic  causes:  (1)  the  increased 

continuum  absorption  level;  (2)  the  large  fractional  power  at  P ^ ( 11 ) 
where  HD0  absorption  is  very  large;  and  (3)  the  large  fractional  power 
at  P2 ( 1 0 ) where  N2O  absorption  is  large.  This  case  illustrates  the  im- 
portance of  an  accurate  knowledge  of  the  individual  line  absorption  coef- 
ficients and  the  output  power  spectra  of  the  specific  laser  device. 

The  significance  of  determining  accurately  the  water  vapor  continuum 
absorption  in  the  3. 0-5.0  gm  region  is  indicated  in  analyses  of  perfor- 
mance of  thermal  imaging  systems.  Comparisons  have  been  made  of  rela- 
tive performance  between  FLIRs  designed  to  operate  in  the  3. 0-5.0  urn  and 
8.0-12.0  pm  windows  [10].  Transmission  predictions,  and  therefore,  FLIR 
performance,  are  impacted  by  the  magnitude  of  the  self  and  foreign  broad- 
ening coefficients,  their  relative  magnitude  and  their  temperature  depen- 
dence. The  effect  at  the  shorter  wavelength  window  is  shown  in  Figure  5 
where  the  Burch  continuum  is  inserted  in  the  propagation  model  L0WTRAN 
III  [21],  which  does  not  include  a water  vapor  continuum.  As  shown,  the 
continuum  is  varied  between  0.5  and  2 times  the  nominal  Burch  model  with 
significant  effect.  If  the  present  value  for  the  continuum  was  used  the 
effect  on  transmission  would  be  significantly  greater,  since  at  the  short 
wavelength  end  of  the  measured  values,  the  Burch  values  under  predict  by 
about  a factor  of  three.  In  reference  10,  calculations  of  the  relative 
performance  of  short  wavelength  versus  long  wavelength  FLIRs,  using  an 
expression  similar  to  that  of  Barhydt,  [3]  were  performed  for  several  wa- 
ter vapor  continua  models  (set  Figure  6)  [9,  22].  It  is  seen  that  the 

difference  in  relative  performance  predicted  for  extremes  in  these  models 
is  more  than  a factor  of  five  at  twenty  kilometers  range.  Stated  differ- 
ently, the  range  difference  for  equivalent  performance  is  about  seven  ki- 
lometers. Although,  these  calculations  are  for  extremes  in  the  models 
and  for  high  humidity  conditions,  they  are  indicative  of  the  importance 
of  water  vapor  continuum  on  the  performance  of  broadband  infrared  systems. 

CONCLUSIONS 

An  understanding  of  the  3. 0-5. 0pm  and  8.0-12.0  urn  water  vapor  continua 
are  important  for  a broad  range  of  E-0  systems  performance.  Experimental 
and  theoretical  investigations  should  be  pursued  to  attain  a satisfactory 
understanding  of  the  continua.  Items  of  primary  importance  are:  (1)  ab- 
solute and/or  relative  magnitude  of  the  self  and  foreign  broadening  para- 
meters, (2)  temperature  and  frequency  dependence  of  the  parameters. 

At  present,  data  in  the  short  wavelength  window  exist  only  for  the 
narrow  band  between  3.5  gm  end  4.1  ;.m.  Sufficient  data  to  model  water 
vapor  absorption  throughout  the  3. 0-5.0  ,.m  region,  including  the  small 
window  between  4. 5- 5.0  gm  should  be  obtained. 


The  Atmospheric  Sciences  Laboratory  (ASL)  water  vapor  absorption 
measurement  program  is  now  addressing  and  will  continue  to  address  over 
the  next  few  years  some  of  the  above  problems.  The  program  is  constrain- 
ed by  the  current  and  projected  level  of  resources  within  ASL.  The  pre- 
sent plans  include  efforts  in  HF/DF,  CO  and  C02  laser  spectral  regions. 
These  have  already  contributed  to  a fuller  understanding  of  water  vapor 
absorption. 
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TABLE  I.  WATER  VAPOR  CONTINUUM  ABSORPTION  COEFFICIENT 
(knf 1 )x  103  FOR  14.3  TORR  WATER  VAPOR 
AT  23°C  BUFFERED  TO  760  TORR 
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TABLE  II.  ABSORPTION  COEFFICIENTS  (km-1)  x I03  FOR  NACL 
LASER  LINES  WITH  14.3  TORR  WATER  VAPOR  AT  23°C 
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aAt  these  laser  lines,  which  were  not  measured  in  this  work,  interpolated 
continuum  values  were  used  with  predicted  line  values 
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Figure  I a.  ABSORPTION  CELL  ARRANGEMENT 

b.  SCHEMATIC  DRAWING  OF  PULSED  SOURCE  SPECTROPHONE 
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Figure  2.  INFERRED  CONTINUUM  THIS  WORK  COMPARED  TO  BURCH 
RESULTS  AT  65°  C WITH  72  TORR  WATER  VAPOR 
BUFFERED  TO  760  TORR 
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ABSTRACT 

Algorithms  for  predicting  atmospheric  molecular  absorption  of 
DF  laser  radiation  have  been  developed.  The  algorithms  are  based 
on  infinite  resolution  calculations  of  molecular  line  absorption  and 
molecular  continuum  absorption  models.  Comparisons  between  long 
path  DF  laser  transmission  data  taken  in  the  field  and  predictions 
based  on  the  algorithms  have  been  made,  and  excellent  agreement  with 
the  wavelength  sensitive  component  of  the  atmospheric  absorption  co- 
ellicient  is  tound.  I he  high  energy  laser  and  broadband  applications 
are  discussed,  and  suggestions  for  further  investigations  are  made. 


INTRODUCTION 

Models  capable  of  predicting  the  atmospheric  molecular  absorp- 
tion at  laser  wavelengths  are  important  for  a wide  variety  of  applica- 
tions. There  are  many  reasons  why  the  development  of  such  models 
for  the  broad  range  of  military  applications  is  complex.  The  primary 
source  of  this  difficulty  is  the  fact  that  the  laser  radiation  is  quite 
monochromatic,  and  the  atmospheric  molecular  absorption  depends 
strongly  on  w.  velength,  environmental  conditions,  and  the  details  of 
the  slant  path  between  laser  and  receiver.  A number  of  different  mol- 
ecules and  absorption  mechanisms  contribute  to  extinction  of  a given 
lasei  line,  and  each  absorption  contribution  obeys  its  own  laws  for 
scaling  with  altitude,  temperature  and  geographic  location  [1, 2,  3], 

For  the  last  several  years  we  have  been  engaged  in  programs 
directed  toward  developing  algorithms  for  predicting  atmospheric 
molecular  absorption  at  DF  laser  frequencies.  These  programs 
have  included  a laboratory  measurements  of  molecular  absorption 
c oeff it  ient s,  development  oi  models  for  temperature  and  water  vapor 
dependence  ot  real  world  absorption  coefficients  and  comparisons 
of  pi  ('dieted  molecular  line  absorption  with  DF  laser  measurements 


performed  in  the  field  by  the  Optical  Radiation  Branch  of  the  Naval 
Research  Laboratory.  In  this  paper,  we  present  the  results  of  these 
activities. 


NATURE  OF  ABSORPTION  AT  DF  WAVELENGTHS 

Atmospheric  molecular  absorption  at  DF  frequencies  is  a com- 
posit  of  separate  contributions  from  many  different  molecular  spe- 
cies and  their  isotopes.  The  atmospheric  molecular  absorption  spec- 
tra may  be  very  wavelength  sensitive  (the  so-called  line  absorption 
spectra),  or  it  may  vary  slowly  with  wavelength  (the  "continuum”  ab- 
sorption). Molecules  which  contribute  significant  line  absorption  in 
this  wavelength  region  are:  H2O,  HDO,  CH4.  N2O  and  to  a lesser 
extent,  certain  CO2  lines.  Also,  continuum  absorption  from  H2O 
and  N2  is  present.  In  general,  line  absorption  at  a given  DF  fre- 
quency comes  from  many  lines,  centered  at  or  near  the  laser  fre- 
quency. At  sea  level,  each  individual  line  is  expected  to  have  the 
same  (Lorentz)  functional  frequency  dependence  near  line  center, 
but  each  line  has  a unique  set  of  shape  parameters.  The  large  num- 
ber of  lines  causes  the  absorption  coefficient  to  have  a complex  de- 
pendence on  wavelength.  Thus,  ore  might  infer  that  a precise  calcula- 
tion of  absorption  coefficients  for  open  air  laser  propagation  may  not 
be  feasible.  However,  molecular  physics  and  spectroscopy  are  very 
well  developed  subjects,  and  consequently  one  may  expect  to  perform 
such  calculations  at  some  frequencies  with  a high  degree  of  accuracy 
if  an  adequate  data  base  is  available,  using  simple  molecular  absorp- 
tion models.  The  region  of  DF  laser  emission  (3.6  - 4.2  pm)  appears 
to  be  one  where  the  absorption  processes  are  well  amenable  to  such 
modeling  techniques.  However,  very  precise  data  and  proper  treat- 
ment of  continuum  and  wing  absorption  is  necessary.  In  the  remain- 
der of  this  section,  the  nature  of  lines  and  continuum  absorption  will 
be  discussed,  and  modeling  procedures  will  be  outlined. 

Molecular  Line  Absorption 

The  transmittance  t(u)  at  a frequency  t'  near  a line  absorption 
center  rp  *s  given  bv 

t(v)  exp  \-ol{(v)  L] 

where  a.<  is  Hie  line  absorption  coefficient  and  L is  the  distance  be- 
tween (laser)  source  and  receiver.  At  sea  level,  & (r)  has  a Lorentz 
shape: 


at(v) 


Sy 

"{{v-Vq)2 + y2\ 


In  the  above,  S is  the  absorption  line  strength,  and  y is  the  pressure 
broadened  half  width  at  half  maximum  of  the  absorption  coefficient. 
With  the  assumption  of  Lorentz  shape,  only  the  parameters  S,  >.  and 
i'O  are  required  for  predicting  laser  transmission  through  line  ab- 
sorbers. As  will  be  commented  on  later,  often  VL  ~ v0  • where 

is  a laser  frequency,  is  a more  meaningful  parameter  for  laser 
transmission. 

The  line  center  parameters  ^'q  depend  on  the  intramolecular 
forces  of  the  molecule.  They  are  therefore  not  variable  for  normal 
conditions  of  pressure  and  temperature.  The  S and  > parameters 
do  vary  in  complex  ways  for  each  transition  of  each  molecule,  and 
for  different  temperature  and  pressure  conditions. 

The  basic  quantity  upon  which  the  strength  S depends  is  the 
Einstein  coefficient  for  induced  absorption  B(f-  i). 

S « B(f  • i) 

B(f'-i)  is  a function  of  only  the  molecular  species  and  the  initial  and 
final  states.  It  is  independent  of  the  temperature,  pressure  or  con- 
centration. Thus  B(f*  i)  is  the  most  fundamental  quantity  normally 
used  to  obtain  line  strengths.  The  temperature  and  concentration  de- 
pendence of  the  line  strength  S enter  through  well  understood  pro- 
cesses. Thus,  once  the  strength  at  single  temperature  and  concen- 
tration (and  thus  the  Einstein  coefficient  B)  is  known,  the  strength 
at  all  temperatures  and  concentrations  can  generally  be  determined 
with  great  confidence  and  accuracy.  If  Tj  and  T2  are  two  arbit rary 
temperatures,  then  S at  T2  may  be  obtained  from  S at  Tj  as 
follows: 

1.  439  E (T.,  -T.) 


where  the  Q are  vibrational  and  rotational  partition  functions  and  E 
is  the  energy  of  the  initial  level. 

The  Lorentz  width  depends  in  a complicated  way  on  the  collision 
processes  between  the  absorbing  molecule  and  its  collision  partners 
[ 4 |.  Therefore,  y varies  with  collision  partners  (i.e.  . the 
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atmospheric  gas  constituents)  and  with  temperature  m a . >mpln  .a,  j 
way.  It  may  vary  rapidly  with  rotational  state  I.  and  t<.  a 1»  ex- 
tent with  the  vibrational  state,  of  the  colliding  molecule*.  Quae  na- 
tively, y depends  on  the  number  of  collisions  t lie  molecule  • \p 
ences  per  unit  time.  Therefore,  y is  the  sum  of  the  contnin;  m 
of  the  various  collision  partners.  If  is  the  partial  pies-ur.  »t  th< 
itif  molecular  constituent  in  the  atmosphere,  then 


y = y p 
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where  s and  i refer  to  self  and  foreign  collision  partners  respect- 
ively. Collectively, 

> = y p + y.p, 
s*s  f t 

where  f refers  to  foreign  broadening.  Often,  >s  is  equal  to  or 
a few  gimes  greater,  but  in  extreme  cases.  is  can  be  as  much  as 
ten  times  * f.  Thus,  if  mixtures  are  such  that  pf  10ps  or  100ps, 
the  effects  of  self  broadening  in  determining  > are  usually  slight. 
Therefore,  laboratory  measurements  of  line  widths  are  feasible, 
since  gas  sample  enrichments  of  about  one  part  absorber  to  100  parts 
broadener  can  be  used. 

The  effect  of  temperature  on  > depends  on  the  gas  mixture  through 
the  molecular  collision  mechanism.  Kinetic  theory  predicts  a T de- 
pendence, but  more  realistic  treatments  of  pressure  broadening  indi- 
cate a stronger  effect  for  many  cases.  Temperature  dependent  half 
width  data  is  not  available,  however,  and  in  the  present  work,  the 
dependence  is  assumed. 

Continuum  Absorption 


The  H2O  and  N2  continua  arise  from  quite  different  mechanisms 
and  consequently  they  have  quite  different  wavelength  and  pressure 
dependencies.  The  H2O  continuum  is  thought  to  be  t he  aceumulat  ion 
ot  far  wing  line  absorption  originating  from  lines  in  the  strong  vibra- 
tion-rotation bands  of  H2O  located  on  both  the  long  and  short  wave- 
length sides  of  3.5  gin.  Since  the  distant  wings  vary  slowly  with  wave 
length,  the  H2O  continuum  is  not  expected  to  have  structure  which 
varies  rapidly  with  wavelength.  In  the  distant  wings  of  a Lorent/  I in.  . 
the  absorption  varies  as  follows 


nsSr 


,w  ("--o' 

where  ns  is  the  number  density  per  unit  volume  of  H2O  or  other  ab- 
sorber. 

Since  individual  lines  have  a self  and  foreign  broadened  component, 
H2O  continuum  is  expected  to  have  contributions  from  both,  in  this 
case.  Thus,  the  H2O  continuum  absorption  coefficient  is  expressed 
as  the  sum  of  contributions  from  collisions  with  identical  and  foreign 
partners.  Following  Burch  [5], 

VH2°>  ‘ Cf‘V 

where  Cp  and  Cf  are  empirical  frequency  dependent  absorption  co- 
efficient parameters.  In  the  DF  region.  Burch  has  deduced  a value 
of  Cg  for  296K,  based  on  measurements  of  pure  H2O  vapor  main- 
tained at  high  temperatures.  He  also  suggested  a value  of  Cp  Cp 
0.12,  in  lieu  of  measurements  of  either  Cg  or  Cp  at  the  lower  tem- 
perature. It  is  significant  that  the  H2O  continuum  has  a mixed  de- 
pendence on  partial  pressure  of  H2O  and  foreign  gases.  Since  ns 
is  proportional  to  ps  for  ideal  gases,  the  self  broadening  varies  quad- 
ratically  and  the  foreign  broadening  varies  linearly  with  pg. 

In  his  measurements,  Burch  investigated  the  H2O  self  broadened 
continuum  at  several  temperatures.  He  found  the  data  followed  the 
empirical  form 

C°  = c exp  (m  T). 

vVe  have  used  this  form  also,  however  we  have  used  a slightly  different 
fit  of  his  data  for  m and  c. 


The  N2  continuum  arises  from  the  electric  dipole  forbidden  fun- 
damental N2  vibration -rot  at  ion  band  centered  at  2400  cm"'.  It  ab- 
sorbs via  a transition  moment  induced  by  collisions  with  identical  or 
foreign  molecules.  Since  the  N2  absorbs  only  in  the  presence  of  a 
collision  partner,  the  "rotational  line  widths"  are  expected  to  be  very 
broad  --  broader  in  fact  than  the  approximately  4 cnr'  spacings  be- 
tween the  transitions.  Consequently,  the  N2  self  broadened  continuum. 


like  the  H2O,  is  expected  to  show  no  spectral  structure.  However, 
it  takes  the  shape  of  the  R branch  envelope  of  the  forbidden  vibration 
rotation  band. 

The  N2  continuum  absorption  coefficient  is  also  written  as  the 
sum  of  contributions  from  collisions  with  other  N2  molecules  and 
with  foreign  species: 


VN2)  = ns<c“ps  + Cf°pf) 


where  ns  is  the  number  of  N2  molecules.  Burch's  measurements  [5] 
show  that  N2-O2  collisions  induce  absorption  almost  as  effectively 
as  do  N2-N2  collisions.  Therefore,  if  02  is  taken  as  the  only  for- 
eign collision  partner,  C°  =■*  C°.  To  this  approximation. 


Cji  fp  + p ) p2. 
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Therefore,  since  the  N2-O2  mixing  ratio  is  essentially  constant  the 
N2  continuum  varies  approximately  as  the  square  of  the  total  air  pres 
sure. 


It  is  of  interest  to  compare  the  pressure  dependencies  of  the 
H2O  and  N2  continuum  absorption  coefficients  in  the  DF  region. 
The  atmospheric  N2  continuum  varies  as  the  square  of  the  partial 
pressure  of  N2,  if  the  mixing  ratio  of  N2  and  02  is  constant, 

VN2>~CsVs(‘*!r) 

The  H20  continuum,  on  the  other  hand,  varies  more  nearly  linearlv 
with  H2O  partial  pressure: 


°c(,l20) 


i"spf  ( 


1 + 8.33 


where  C°  has  been  replaced  by  8.33  C?,  and  where  ns  « p . We 
have  written  ctc( H2O)  in  this  form  to  emphasize  the  importance  of 


Cj.  relative  to 


C°. 
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EXPERIMENTAL  LINE  PROFILE  DATA 


The  accuracy  of  the  absorption  line  strength,  width,  and  center 
frequency  information  in  the  AFGL  data  tape  [6]  for  lines  important 
to  DF  laser  transmission  was  investigated  by  performing  high  resolu- 
tion spectroscopic  survey  measurements  in  the  3.6 -4.0  Mm  wave- 
length region.  The  data  were  obtained  with  a three  meter  focal  length, 
double  passed,  Ebert  spectrometer  at  The  University  of  Michigan 
Physics  Department,  having  a resolution  of  0.04  cnf’.  A 4.9888  + 
0.002  meter  White  cell  was  used  to  obtain  gas  sample  path  lengths  of 
20  to  400  meters.  N20,  CI14  and  HDO  spectra  were  obtained. 

A pulsed  DF  laser  was  constructed  to  allow  measurements  of  the 
positions  of  atmospheric  absorption  lines  relative  to  the  DF  laser 
lines.  The  DF  laser  line  positions  were  simultaneously  measured 
and  recorded  with  the  absorption  line  spectra  on  a two  pen  chart  re- 
corder. Further  experimental  details  are  given  in  reference  2. 

Survey  spectra  confirmed  that  N2O  line  parameters  in  the  AFGL 
data  tape  were  extremely  precise.  On  the  other  hand,  CH4  data  dis- 
agreed with  values  in  the  1975  data  tape  by  as  much  as  an  order  of 
magnitude  at  some  frequencies.  Comparisons  of  new  HDO  data  with 
the  1975  AFGL  data  tape  indicated  discrepancies  ranging  from  ten  or 
twenty  percent  at  certain  frequencies  to  factors  of  two  to  five  in  ex- 
treme cases.  HDO  is  a primary  absorber  at  DF  frequencies  at  sea 
level;  consequently  precise  measurements  of  HDO  strength,  width, 
and  relative  frequency  were  made  for  HDO  lines  which  impact 
DF  propagation.  Additional  CH4  data  were  not  obtained  since  CII4 
is  not  a major  absorber  of  DF  radiation  at  sea  level.  An  improved 
1976  version  of  the  data  tape  has  been  updated  to  reflect  some  of  these 
measurements  and  the  work  of  others.  Quick  comparisons  indicate 
that  the  tape  is  substantially  improved  although  an  extensive  detailed 
comparison  has  not  yet  been  performed. 


MODELING  PROCEDURE 

Molecular  absorption  coefficients  at  twenty-seven  DF  laser  fre- 
quencies have  been  calculated  from  expressions  given  above  for  molec- 
ular line  and  continuum  absorption.  For  a given  frequency  ‘ ^ at 
which  the  i absorption  lines  contribute, 

afi'j  ) = )(.  1 a^HgO)  + oMN.,) 
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where  the  continuum  absorption  coefficients  ac  are  determined  at  the 
laser  frequency  v . 

A simple  analytic  function  of  atmospheric  temperature  and  water 
vapor  concentration  has  been  fit  to  calculate  absorption  coefficients 
for  twenty-seven  DF  laser  lines.  A least  squares  fitting  code  was 
used  to  determine  the  coefficients  a^,  a^, . . . , a^  in  the  polynomial: 

2 2 

a(i^L)  = a^  + a^T  + a2p  + a3Tp  + a^p  + a^-Tp 

where  a(i'L)  is  the  molecular  absorption  coefficient  (km-1),  T and  p 
are  the  atmospheric  air  temperature  (°F)  and  water  vapor  partial 
pressure  (torr),  respectively. 

SAl’s  standard  line-by-line  computer  code  was  used  to  calculate 
the  basis  molecular  absorption  coefficients.  These  calculations  are 
based  on  Heath  and  Rao's  DF  laser  wavelengths,  and  an  SAI  mod- 
ified version  of  the  1975  AFGL  line  parameter  compilation.  The 
AFGL  compilation  was  modified  to  include  recent  SAI  line  parameter 
measurements  discussed  above  for  absorption  lines  near  the  Pi (7), 

Pi (8),  Pi (9),  P2(7)  and  P2(9)  DF  laser  lines.  The  temperature  de- 
pendence of  the  continua  absorption  and  the  vibrational  partition  func- 
tion were  included.  The  water  and  nitrogen  continua  based  on  the 
Burch  data  [6]  are  included  in  the  code. 


RESULTS  AND  COMPARISONS 

A representative  plot  of  the  temperature  and  humidity  dependence 
of  atmospheric  molecular  absorption  coefficients  is  given  in  Figure  1 
for  the  P(10)  line  of  the  v 2 -»  1 band  of  DF.  This  line  has  been 
chosen  because  it  illustrates  differences  that  occur  because  of  the  de- 
tailed features  of  the  overlapped  absorption  spectrum.  Absorption  at 
P(10)  is  dominated  by  N2O  absorption  at  low  to  moderate  humidities, 
and  it  extrapolates  essentially  to  a residual  N2O  absorption  coefficient 
at  zero  water  vapor  content.  Lines  dominated  by  water  vapor  absorp- 
tion extrapolate  essentially  to  zero  absorption  coefficient  and  in  some 
cases  with  a much  more  sensitive  dependence  on  temperature.  Values 
calculated  for  the  canonical  Midlatitude  Summer  (MLS)  model  atmo- 
sphere are  given  in  Table  1. 

The  algorithms  developed  here  have  been  used  to  provide  calcula- 
tions for  comparison  with  long  path  ( 5 km)  DF  laser  field  transmis- 
sion measurements  performed  by  the  Naval  Research  Laboratory  f 7]. 


So 
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The  NRL  data  were  necessarily  obtained  for  conditions  unlike  the 
canonical  MLS  atmosphere,  so  the  algorithms  were  used  to  normalize 
the  data  to  the  model  atmosphere  for  pusposes  of  comparison.  Absorp- 
tion coefficient  calculations  are  compared  with  NRL  data  in  Figure  2. 
The  calculations  are  shown  to  illustrate  the  good  agreement  obtained 
for  the  frequency  dependent  component  of  usin£  our  recent  data. 

If  the  early  calculations  were  shown,  the  improvement  would  be  strik- 
ing. The  reliability  of  absorption  coefficient  modeling  for  sea  level 


TABLE  I.  DF  ABSORPTION  COEFFICIENTS 
Summer  (MLS)  Model  at  Sea  Level  (km-^)  for  the  Midlatitude 


LASER 

LINES 

FREQUENCY 

WAVELENGTH 

TOTAL 

P3(12) 

(cm-*) 
2445.  354 

(Mm) 

4. 089387 

0.  1016000 

P3(H) 

2471.  243 

4. 046547 

0. 0788700 

P3(10) 

2496.  720 

4. 005255 

0. 0498700 

P2d3) 

2500.  427 

3. 999317 

0. 0468300 

P30) 

2521.  769 

3. 965470 

0. 0356100 

P2(12) 

2527.  389 

3. 956652 

0. 0351630 

P3(3) 

2546. 373 

3. 927154 

0. 0533000 

P2(ll) 

2553. 951 

3. 915502 

0. 0364500 

P3(7) 

2570.  522 

3. 890260 

0. 0674900 

P2(10) 

2580.  095 

3. 875826 

0. 0717200 

P3(6) 

2594.  197 

3. 854757 

0. 0361900 

P2(9) 

2605.  806 

3. 837584 

0. 0529100 

P3(5) 

2617.  386 

3.  820606 

0. 0242500 

P2(8) 

2631.  066 

3.  800741 

0.  0314500 

Pl(ll) 

2638.  390 

3. 790190 

0. 3698000 

P3(4) 

2640.  075 

3. 787771 

0. 0578500 

P2(7) 

2655. 863 

3. 765254 

0. 1004000 

Pl(10) 

2665.  218 

3.752038 

0. 0454300 

P2(6) 

2680.  178 

3. 731095 

0. 0653800 

Pl(9) 

2691.  608 

3. 715251 

0.  0453300 

P2(5) 

2703.  998 

3. 698228 

0. 0307600 

Pl(8) 

P2(4) 

2717. 538 

3. 679801 

0. 1458000 

2727. 308 

3. 666619 

0. 0503700 

Pf(7) 

2742.  997 

3. 645647 

0. 0343700 

P2(3) 

2750. 093 

3. 636241 

0. 0508100 

Pi  (6) 

2767.  968 

3. 612759 

0. 0858900 

Pl(5) 

2792. 434 

3. 581105 

0.  0687400 

Pl(4) 

2816. 380 

3. 550657 

0. 0841900 

Pl(3) 

2839.  791 

3. 521386 

0. 0897000 

(S  7 


conditions  is  good  enough  that  field  data  such  as  that  shown  may  now  be 
expected  to  yield  valuable  information  on  aerosol  extinction,  and  on 
precise  atmospheric  molecular  content. 


The  algorithms  described  here  have  been  applied  to  calculating 
power  weighted  absorption  coefficients  for  the  Baseline  Demonstration 
Laser  (BDL)  and  for  the  Navy-ARPA  Chemical  Laser  (NACL).  The 
power  spectrum  of  NACL  is  shifted  primarily  to  wavelengths  longer 
than  3.8  pm,  as  shown  in  Figure  3.  NACL  propagation  is  severely 
impacted  by  HDO  absorption  at  the  P(ll)  v = 1 ->  0 line.  Figure  4 
shows  four  calculated  power  spectra.  The  NACL  and  BDL  absorption 
is  calculated  from  representative  measured  power  spectra  shown  in 
which  ~35°c  of  the  power  is  extracted  from  the  P(10)  v = 2 -»  1 line, 
which  is  known  to  be  absorbed  strongly  by  N2O.  The  line  selected 
NACL  curve  is  obtained  by  shifting  the  measured  NACL  power  spec- 
trum to  shorter  wavelengths  [P(ll)  -*  P(10),  etc.  j to  avoid  P2(10)  and 
Pi (11).  This  shows  the  potential  propagation  pay-off  if  such  a line 
selection  were  possible. 

CONCLUSIONS 

Propagation  algorithms  for  predicting  atmospheric  molecular  ab- 
sorption as  a function  of  temperature  and  water  vapor  partial  pressure 
have  been  developed  for  DF  laser  frequencies.  The  algorithms  are 
based  on  infinite  resolution  calculations  of  absorption  caused  by  molec- 
ular spectral  lines,  and  on  modeling  continuum  components  using  codes 
developed  by  SAI. 

The  algorithms  developed  show  excellent  agreement  with  the  spec- 
tral dependence  observed  in  long  path  DF  laser  transmission  measure- 
ments performed  in  the  field  and  with  laboratory  DF  laser  transmis- 
sion measurements  performed  on  simulated  atmospheric  paths.  This 
is  highly  significant  since  early  predictions  based  on  Hl-TRAN  type 
modeling  showed  poor  agreement,  in  general,  thereby  raising  some 
doubt  that  such  calculations  are  sufficiently  precise  for  laser  applica- 
tions. It  has  been  shown  that  for  DF’  laser  transmission,  early  dis- 
agreements with  the  spectrally  sensitive  line  absorption  components 
can  be  traced  to  inaccuracies  in  the  DF  line  centers  themselves  and 
to  the  inadequacy  of  the  data  base  available  for  the  early  AFGL  com- 
pilations. Very  importantly,  these  early  disagreements  are  not  at- 
tributable to  the  HI-TRAN  data  tape  approach  itself.  It  is  noted  that 
the  original  motivations  for  developing  the  AFGL  data  compilation  re- 
quired much  less  precise  values  for  the  weak  absorption  lines  than  do 
current  laser  applications. 
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The  success  obtained  in  developing  field  verified  DF  transmission 
algorithms  based  on  established  principles  of  molecular  theory  and  lab- 
oratory spectroscopy  gives  hope  that  propagation  at  all  infrared  laser 
frequencies  can  be  modeled  in  the  same  straightforward  manner  with 
sufficient  precision.  At  present,  only  sparse  propagation  measure- 
ments have  been  performed  at  CO  laser  frequencies,  and  these  do  not 
agree  well  with  predictions.  One  can  now  expect  that  such  discrepan- 
cies can  be  eliminated  by  using  a more  precise  line  parameter  and  con- 
tinuum data  base  and  proper  treatment  of  line  shapes  and/or  the  con- 
tinuum absorption.  One  may  also  expect  that  at  DF,  CO,  and  other 
laser  frequencies,  scaling  algorithms  also  can  be  developed  for  high 
altitude  and  slant  atmospheric  paths  so  important  for  many  military 
applications.  The  reliability  of  the  algorithms  gives  hope  that  trans- 
mission measurements  performed  in  the  field  can  supply  valuable  in- 
formation on  aerosol  extinction.  In  wavelength  bands  where  total  mo- 
lecular absorption  modeling  is  reliable,  fixed  frequency  and  high  reso- 
lution spectral  data  can  be  used  to  extract  aerosol  extinction.  This  in- 
formation, together  with  good  meteorological  characterization  of  the 
atmosphere,  may  lead  to  a quantitative,  predictive  understanding  of 
atmospheric  aerosol  and  particulate  extinction. 
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FIGURE  1.  ABSORPTION  COEFFICIENTS  FOR  THE  P2(10)  DF  LINE 

AT  2580.102  WAVENUMBERS 
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FIGURE  2.  COMPARISON  OF  SAI  CALCULATIONS  WITH  NRL  FIELD  MEASUREMENTS 
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ABSTRACT 

E 1 ec t r o- Op t i ca 1 (E-0)  sensor  performance  in  limited 

visibility  environments  such  as  fog,  haze,  smoke  and  ex- 
tinguishing gasses  may  be  simulated  if  the  media  and  the 
sensors  are  modeled  in  a compatible  manner.  This  compat- 
ibility requisite  dictates  that  both  the  intensity  variations 
(for  such  things  as  missile  seekers)  and  the  contrast 
variations  (for  such  things  as  TVs  and  FLIRs)  in  the  field 
of  view  of  the  E-0  sensor  be  accurately  modeled.  For  aerosol 
and  gas  environments  where  the  scattering  contributions  to 
the  extinction  process  are  appreciable,  the  Beer-Lambert 
Law  does  not  adequately  model  the  intensity/contrast 
variations.  For  sufficiently  low  density,  independent 
scattering  systems,  the  propagation  modeling  may  be 
approached  through  either  the  particle  or  the  wave  formalisms 
of  light. 

The  multiple  scattering  particle  formalism  is  commonly  1 
developed  from  Chandrasekhar's  Radiative  Transfer  Equation. 
This  equation  has  been  traditionally  solved  for  uniform 
boundary  illumination,  symmetric  systems  which  do  not  cor- 
respond to  those  viewed  by  E-0  sensors.  We  discuss  techniques 
for  solving  the  more  general  four  dimensional  radiative 
transfer  equation  for  non-uniform  boundary  i 1 lumi nat i on  ^on- 
symmetric  systems.  These  techniques,  being  both  analytical 
and  numerical  in  nature,  are  amenable  to  hybridization.  We 
describe  the  implementation  of  a hybridized  technique  into 
a computer  model 

Finally,  we  present  some  preliminary  results,  and  discuss 
our  planned  future  work. 
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PROPAGATION  MODELING  FOR'  E-0  SENSORS 


With  the  widespread  use  of  E-0  sensors  in  weapons 
systems,  and  the  high  cost  of  prototype  construction  and 
testing,  it  is  of  increasing  importance  that  the  performance 
of  these  sensors  under  conditions  of  limited  visibility  be 
predictable.  This  is  especially  true  with  regard  to 
extinguishing  media  such  as  haze,  fog,  smoke,  and  obscurant 
gasses  which  may  be  naturally  or  artificially  present  on 
the  battlefield,  and  which  cannot  be  simulated  in  the  lab- 
oratory easily.  To  perform  this  prediction,  it  is  necessary 
that  the  rigor  of  the  physical  analysis  of  the  light-media 
interaction  provide  sufficient  information  for  sensor  analysis 
In  most  cases,  E-0  sensors  view  the  world  in  terms  of  angular 
intensity  and/or  angular  contrast  distributions.  Thus,  the 
physical  analysis  must  be  sufficient  to  provide  this  infor- 
mation. 


A theory  exists  for  describing  the  transport  of  light 
particles  through  an  extinguishing  media,  Radiative  Transfer 
The  basic  f i ve - d i me n s i on a 1 equation  of  this  theory  is 
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where  k , k 1 are  propagation  direction  (unit)  vectors. 
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description  of  planar  stellar  or  planetary  atmospheres. 

With  the  E-0  sensor  problem,  the  formalism  of  the  two 
dimensional  solution  is  inadequate.  While  the  restriction 
of  uniform  media  is  not  excessively  strong  for  many  extin- 
guishing media,  it  is  for  many  smokes.  Further,  the  uniform 
boundary  conditions  are  definitely  net  applicable.  This 
may  be  demonstrated  by  the  simple  example  of  the  8-l4u 
intensity  associated  with  a vehicle  moving  through  a fog. 

In  this  case,  even  if  the  fog  is  entirely  between  the 
vehicle  and  the  sensor,  both  sky  and  terrain  are  uniform  in 
intensity,  the  vehicle  itself  causes  a spacial  n on u n i f o rm i t y 
in  the  boundary  conditions  at  any  instant. 
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To  develop  the  solution  for  this  case,  we  expand  the 
intensity  I as  a perturbation  series  in  the  albedo  and 
separate  Equation  (l)  in  orders  of  scattering  to  yield  a 
set  of  equations  of  the  form, 
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the  r , k , 

k'  dependences  are 

implied  for  the  sake  of 

notational'brevity. 

The  phase  function  may, be  expanded  in  a series  of 
Legendre  polynomials  (Pj), 

L 

p (k , k 1 ) = £ a . P , (k  • k 1 ) ( 'O 

1=0 

which  may  in  turn^be  expanded  using  the  spherical  harmonic 
addition  theorem, 

p(k.k')  = l l a]n)Prj'(u)P^(ul)cos  (mc|)  - m<J>  * ) (5) 

1 m=0 

m t h 

where  Pj  if  the  m- — associated  Legendre  polynomial  of 
order  1 , and  y,p'  are  cosine  of  8,0',  respectively. 
Equation  (A)  differs  from  the  phase  function  expansion 
used  in  planar  atmosphere  Radiative  Transfer  in  the 
retention  of  the  <)> , 4> 1 termsbecause  of  the  assymetry  of 
the  boundary  conditions. 

A source  term  similar  to  that  used  in  planar  Radiative 
Transfer  may  be  defined  as 
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from  this 

point  is  somewhat  dependent  on  whether  an  analytic  or 
numeric  method  will  predominate.  To  date,  we  have  been 
unable  to  find  analytic  expressions  fcr  the  general  integra 


dp/p  P™(p)  exp  ( - x/p ) , 3 


(9) 


so  the  use  of  numeric  methods  is  invoked  at  this  point. 
While  this  selection  develops  a formalism  that  is  more 
mathematically  crude,  and  exceedingly  costly  of  computer 
memory,  the  formalism  is  conceptually  simple,  and  fairly 
responsive  to  varying  boundary  conditions  as  well  as 
mirroring  the  finite  element  operation  of  imaging  devices 


Because  of 
a general  five 
and  the  limitations  placed 
300K  bytes),  the  formalism 
dimensional,  two  spacial  - 
of  development,  however  is 
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by  many  operating  systems  (200- 
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two  angular,  case;  the  method 
valid  for  the  general  case  as 
well.  While  this  two  spacial  dimension  selection  appears 
to  impose  a strong  symmetry  restriction  on  the  boundary 
conditions  (and  thus  the  scenarios  of  interest),  the 
restriction  is  really  much  weaker  because  of  the  integral 
approximation  formula  used  in  the  4>'  integration. 
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along  the  x direction  perpendicular  to  the  z.  The  y 
direction  that  is  dropped  from  this  derivation,  would 
be  perpendicular  to  x and  z,  and  if  implemented,  add 
another  dimension  of  points  to  the  overall  array.  This 
addition  is  part  of  the  reason  for  limiting  the  derivation, 
conserving  computer  memory  while  demonstrating  the  formalism. 

If  the  first,  second,  and  third  nearest  neighbor  points 
for  any  interior  point  are  considered,  eight  directions 
are  determined.  Selection  of  a Lobatto  five  point 
integration  quadrature  for  the  p 1 i n teg ra t i on ? fixes  the 
distance  ratio  of  the  array  to  be  Ax  = 1.155  Az,  and 
a Simpson  three  point  formula  without  derivative  term  for 
the  <)> 1 integration  (envoking  equal  functional  values  at 
the  end  points)  reduces  the  strength  of  the  y direction 
symmetry  restriction.  Use  of  a three  point  Lobatto  would 
give  some  further  reduction  and  increase  the  accuracy  one 
more  degree  of  polynomial.  Extension  to  the  simplest  three 
spacial  dimension  case  (y  direction  included)  could  be 
simply  achieved  by  use  of  either  a five  point  Simpson, 
again  without  derivative  term  and  equal  functional  end 
points,  or  two  consecutive  three  point  Lobattos. 

This  quadrature  scheme  for  the  source  term  is  thus^ 
similar  to  the  many  flux  calculations  done  previously, 
and  reduces  the  calculation  of  Equation  (8)  to  a sum  of 
eight  terms.  At  this  point  it  becomes  necessary  to  consider 
the  relative  merits  of  casting  a point  intensity  formalism 
or  a point  source  term  formalism  on  the  array.  For  this 
two  spacial  dimension  case,  the  source  term  formalism  is 
more  efficient  of  computer  memory  for  phase  functions  with 
less  than  eight  terms.  For  the  three  spacial  dimension 
case,  the  same  is  true  for  up  to  at  least  fourteen  terms. 
Because  the  initial  interest  of  this  project  was  proof 
of  principle  and  conservation  of  computer  memory,  the  test 
phase  functions  selected  with  isotropic  and  R a > i g h , having 
one  and  four  terms  respectively.  This  development  will 
therefore  follow  the  source  term  route. 

Selection  of  the^ource  term  formalism  requires  the 
calculation  of  the  n— — order  sources  at  the  NxM  points 
in  the  array.  In  the  Rayleigh  case,  this  means  the  use 
of  16xNxM  bytes  for  each  order  of  scattering.  It  is 
obvious  that  J0  may  be  developed  directly  from  the 
boundary  conditions  and  Equation  (2)  whose  solution  is 
the  familiar  Beer-Lambert  Law.  Higher  order  J's  appear 
to  present  more  computational  difficulty  unless  we 
introduce  an  integration  scheme  based  on  the  interlace 
scan  method  used  in  TV  video  production.  In  this  case 
we  make  use  of  the  fact  that  only  eight  angular  directions 
are  needed  to  characterize  each  point  in  the  array. 
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Therefore,  rath|^  than  take  each  point  in  the  array 
and  calculate  the  n — intensity  at  that  point  in  each 
of  the  eight  directions  to  compute  the  source  integrals, 
the  array  is  scanned  by  direction  and  direction  defined 
line  to  cross  all  points.  As  an  example,  consider  the 
direction  along  the  line  of  sight  to  the  sensor.  At  the 
first  point  in  the  array  along  the  M side  on  the  N side 
next  to  the  object,  the  intensity  is  calculated  from  the 
previous  order  of  scattering  source  term.  This  intensity 
is  used  to  contribute  one  of  the  eight  directional  terms 
to  the  source  term  at  that  point  for  that  order  of  scatter- 
ing. This  intensity  is  then  used  to  calculate  the  intensity 
at  the  next  point  along  the  N line,  but  same  M line  with 
the  previous  order  source  at  the  new  point.  This  intensity 
also  contributes  one  of  eight  terms  to  the  new  source 
integrals.  This  proceeds  until  the  N line  is  completed, 
and  the  next  M line  is  taken  arid  the  process  is  repeated. 
Once  all  M and  N lines  are  treated  for  this  direction, 
the  next  direction  is  treated,  with  appropriate  boundary 
adjustments,  until  all  directions  have  been  treated. 


It  remains  now  to  demonstrate  the  calculation  of  the 
n — intensity  from  the  n-1  — — source.  For  this,  we 
consider  Equation  (7)  since  Equation  (2)  is  solved  by  the 
Beer-Lambert  law  with  the  boundary  conditions.  It  has 
been  noted  that  the  k • V term  is  a directional  derivative. 
The  select -ion  of  the  eight  directions  used  at  each  point 
allows  Equation  (7)  to  be  rewritten  as 
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which  has  solution, 
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and  similarly  down  the  line. 

This  completes  the  development  of  the  formalism.  The 
two  dimensional  case  has  been  coded  for  constant  a, to,  and 
p for  a 51  x 31  array  on  the  MICOM  COC  6600  macro  computer. 
Results  for  the  uniform  illumination  cases  that  may  be 
compared  with  previous  planar  work  have  agreed  to  within 
the  errors  implicit  in  the  numeric  approximations.  Results 
for  tank  and  airplane  type  objects  against  the  appropriate 
backgrounds  are  being  analyzed  now,  but  appear  to  agree 
within  the  experimental  error. 

Because  of  memory  restrictions  on  this  machine,  there 
are  no  plans  at  this  time  to  extend  the  existing  code  to 
either  three  dimensions  or  to  non-uniform  media  until  a 
larger  machine  is  available.  It  has  been  brought  to  our 
attention  that  with  the  recent  advances  in  virtual  memory 
systems,  there  are  now  several  IB  byte  16  bit  word  minis 
on  the  market  that  would  handle  the  full  five  dimensional 
formalism.  Additionally,  one  manufacturer  of  such  machines 
has  shown  such  interest  in  the  stressing  nature  of  this 
formalism  as  to  offer  a quadruple  precision  compiler  to 
insure  accuracy. 

While  it  is  evident  that  hardware  exists  to  fully 
implement  this  formalism,  there  is  still  a problem  of 
validation  due  to  the  lack  of  contrast  degradation  data 
in  the  mid  (3"5u)  and  far  (8-11*p)  IR  for  even  naturally 
occurring  media.  It  is  not  therefore  stressing  that  the 
five  dimensional  case  be  treated  until  further  validation 
data  is  available. 
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ABSTRACT 

Using  Mie  calculations  for  a wide  variety  of  measured  and 
assumed  particle  size  distributions  we  have  established  a strong 
relationship  between  the  total  volume  content  of  the  particulate 
along  the  transmission  path  and  the  aerosol  extinction  coeffi- 
cient. We  have  also  used  field  measurements,  such  as  those 
taken  at  Grafenwohr,  FGF.,  to  further  establish  the  validity  of 
this  relationship.  Both  theory  and  experiment  suggest  that  a 
phenomenological  scaling  of  photopic  transmission  (related  to 
normal  meteorological  visibility)  to  the  IR  windows  is  possible 
which  furthermore  is  independent  of  the  structure  or  shape  of 
the  particle  size  distribution.  A second  important  implication 
is  that  a simple  possibly  remote  measurement  of  a quantity  re- 
lated to  the  volume  or  mass  of  the  aerosol  could  provide  a di- 
rect measure  of  the  IR  transmission  (an  IR  visibility  meter). 
Such  a routine  meteorological  measurement  would  clearly  be  of 
use  to  sensor  performance  modeling. 
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I.  INTRODUCTION 

Making  valid  predictions  of  the  effects  of  changing  weather 
conditions  on  sensor  performance  remains  an  outstanding  problem 
in  the  design  and  development  of  improved  electro-optical  (E/0) 
imaging  systems.  In  order  to  better  understand  the  weather- 
performance  relationship  there  are  two  kinds  of  questions  which 
must  be  addressed.  For  the  first  case,  one  is  primarily  con- 
cerned with  the  statistical  analyses  that  eventually  leads  to 
the  procurement  of  one  system  rather  than  another.  A pertinent 
example  which  falls  in  this  category  is  whether  a FLIR  or  active 
TV  will  operate  most  effectively  in  a particular  scenario  such 
as  a Central  European  winter  environment.  The  second  class  of 
questions,  which  represents  more  of  a deterministic  approach  to 
sensor  performance,  influences  the  deployment  of  a system.  For 
example,  if  the  weather  conditions  at  a given  time  and  place 
are  either  known  or  can  be  predicted  with  confidence,  one  must 
determine  which  system  or  option  is  preferable.  Another  appar- 
ently subtle  yet  important  question  along  these  lines  addresses 
the  selection  of  an  optimal  spectral  band  within  a single  atmos- 
pheric window.  The  key  to  answering  any  of  these  questions  in 
a rational  way  depends  upon  the  availability  of  a valid  atmos- 
pheric transmission  model  to  provide  the  quantitative  link  be- 
tween our  extensive  meteorological  data  base  and  actual  per- 
formance . 

By  far  the  most  practical  and  widely  used  of  the  current 
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atmospheric  models  is  the  so-called  LOWTRAN  3 code^  developed 

by  Selby  and  McClatchey  of  the  Air  Force  Geophysics  Laboratory 

(AFGL) . Although  this  routine  is  adequate  for  defining  the 

broadband  atmospheric  window  regions  and  provides  a reasonably 

accurate  description  of  the  uniformly  mixed  gas  molecular  ab- 
2 

sorption  , it  does  not  fare  so  well  in  describing  the  degrada- 
tion of  image  propagation  by  the  major  culprit,  namely  aerosols. 

There  are  several  points  well  worth  noting  with  respect  to 
the  two  major  atmospheric  constituents  (namely  water  vapor  and 
aerosols)  and  their  influence  upon  sensor  performance.  First, 
they  represent  the  two  most  Important  radiation  attenuators  in 
the  atmospheric  windows  and  second,  they  tend  to  fluctuate  both 
temporally  and  spatially  with  varying  weather  conditions.  Since 
the  attenuation  due  to  water  vapor  is  primarily  a function  of 
absolute  humidity  and  temperature  it  does  not  effect  sensors  to 
any  appreciable  degree  in  dry  winter  or  desert  type  climates. 
However,  it  can  be  a major  factor  for  humid  summer  or  tropical 
conditions,  particularly  for  long  working  ranges  such  as  those 
which  might  be  encountered  at  sea.  The  effect  due  to  aerosols 
depends  not  only  upon  the  amount  of  aerosol  as  monitored  by  the 
meteorological  visibility  at  the  mesoscale  level  or  the  particle 
size  distribution  at  the  microlevel  but  also  upon  the  compo- 
sition of  the  particulate  matter  (i.e.,  sea  spray,  fog,  dust, 
smoke,  etc.).  The  aerosol  contribution  dominates  in  dry  winter 
or  desert  operation  and  is  significant  during  the  summer  months 

^ LOWTRAN  is  the  generic  name  of  an  evolutionary  atmospheric 
model  developed  at  AFGL.  The  most  recent  publication  de- 
scribing this  code  is  represented  by  J.E.A.  Selby  and  R.A. 
McClatchey,  "Atmospheric  Transmittance  from  0.2  to  28.5  um: 
Computer  Code  LOWTRAN  3,”  AFCRL-TR-75-0253 , May  1975-  It 
should  be  noted  that  LOWTRAN  3 has  been  further  updated  into 
two  newer  codes  designated  LOWTRAN  3a  and  LOWTRAN  3b  which 
Include  an  improved  water  vapor  continuum  as  well  as  several 
additional  aerosol  models. 

2 

The  HpO  vapor  is  not  strictly  considered  to  be  a uniformly 
mixed  gas  since  its  concentration  or  mixing  ratio  changes  with 
absolute  humidity. 
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as  well.  For  most  problems  of  Interest  the  aerosol  component 
Is  more  complex  to  model  and  a more  significant  influence  than 
water  vapor. 

The  purpose  of  this  paper  is  to  propose  a simple  phenome- 
nological aerosol  model  and  review  some  recent  field  transmission 
measurements  such  as  those  conducted  at  Grafenwohr,  FRG  by  the 
Army  Night  Vision  Laboratory  (NVL)  during  the  period  of  November 
1975  to  January  1976.  Since  the  measurements  represent  a tem- 
perate winter  climate  our  discussion  and  subsequent  conclusions 
apropos  to  sensor  performance  will  be  directed  primarily  at 
aerosol  effects  representative  of  Central  European  fogs  and 
hazes.  There  is  a common  confusion  about  relative  and  absolute 
humidity.  In  the  German  winter  the  absolute  humidity  tends  to 
be  quite  low  while  the  relative  humidity  tends  to  be  quite  high. 
High  relative  humidity  favors  formation  of  mist  and  haze,  while 
high  absolute  humidity  absorbs  infrared  radiation.  The  subject 
of  broadband  infrared  water  vapor  absorption  as  it  relates  to 

the  humidity  and  atmospheric  temperature  has  been  discussed  in 

3 

a separate  paper  . 


3 

R.E.  Roberts,  L.M.  Biberman,  and  J.E.A.  Selby,  "Infrared 
Continuum  Absorption  by  Atmospheric  Water  Vapor  in  the  8-12  pm 
Window,"  IDA  Paper  P-1184,  April  1976. 
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II.  AEROSOL  MODELING 

To  be  of  use  in  the  operational  planning  of  E/O  missions 
our  weather  measurements  and  forecasting  must  have  the  capa- 
bility of  predicting  IR  image  propagation.  This  means  that  we 
must  either  make  better  use  of  our  present  data  collection  tech- 
niques with  updated  transmission  models  or  we  must  determine 
which  new  meterological  measurements  are  necessary  for  an  im- 
proved understanding  of  the  IR  windows.  Two  separate  and  dis- 
tinct mechanisms  are  involved  in  the  attenuation  of  infrared 
and  optical  signals,  i.e.,  the  amount  of  radiant  energy  trans- 
ferred by  the  atmosphere  is  determined  by  two  principal  types 
of  constituents  namely  gaseous  molecules  and  aerosols  or  partic- 
ulates with  their  respective  attenuation  coefficients  Bmo^  and 
8 oT1.  At  a particular  wavelength  A the  transmission  is  given  by 

36r 

TA  = exp  (etot  L)  (1) 

where  the  total  attenuation  coefficient  is  B*,,*.  * B---,  + B = or, 

tot  mol  aer 

and  L represents  the  path  length.  The  magnitude  of  Bmcl  or 
B„  clearly  depends  upon  the  optical  properties,  atmospheric 
concentration,  and  temperature  of  the  molecular  or  particulate 
species . 

■3 

In  a previous  paper  by  Roberts,  Biberman,  and  Selby  , the 
problems  of  determining  proper  values  of  Bmol  for  the  8-12  urn 
region  were  covered  in  some  detail  with  emphasis  on  the  dominant 
water  vapor  attenuation.  The  conclusion  of  that  paper  was  that 
in  the  absence  of  significant  aerosol  effects  a more  realistic 
sensor  performance  analysis  is  now  possible. 

^op.  cit. 
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The  problem  of  predicting  better  values  of  remains  an 

outstanding  problem  and  is  the  subject  of  a current  study  under 
the  sponsorship  of  DDR&E/RAT. 

It  is  possible,  under  well  controlled  circumstances,  to 
measure  the  composition  and  size  distribution  of  atmospheric 
particulates  and  then  use  this  information  through  a Kie  scat- 
tering calculation  to  predict  the  transmission  characteristics. 
Unfortunately  such  a measurement  is  far  from  routine  and  even 
if  it  were  it  might  still  be  Inadequate  due  to  spatial  inhomo- 
geneities and  temporal  fluctuations  along  the  atmospheric 
transmission  path.  It  would  therefore  seem  advisable  if  not 
necessary  to  adopt  a so-called  thermodynamic  or  phenomenological 
methodology  which  does  not  depend  upon  the  direct  measurement 
of  the  particle  distribution. 

The  current  LOWTRAN  aerosol  model,  for  example,  uses  meas- 
ured optical  properties  (representative  of  average  continental, 
rural,  urban,  or  maritime  conditions)  with  a prototypical  dis- 
tribution to  predict  via  a Mie  computation  a scaling  model  for 
the  extrapolation  of  the  visual  range  to  IR  transmission.  The 
scaling  law  used  in  LOWTRAN  is  not  intended  to  hold  for  fog 
conditions.  It  also  will  not  apply  correctly  for  high  humidity 
conditions  but  holds  for  a range  of  intermediate  conditions 
within  the  accuracy  to  which  the  visual  range  is  usually  known. 
Even  though  this  is  a step  in  the  right  direction  the  underlying 
assumption  is  that  for  a particular  environment,  such  as  a con- 
tinental haze,  the  shape  or  functional  form  of  the  distribution 
remains  unchanged.  In  many  if  not  most  cases  this  is  not  a 
valid  representation.  For  example  in  an  evolving  fog  formation 
the  water  droplet  distribution  tends  to  grow  in  the  sense  that 
there  are  relatively  more  larger  particles  as  the  visibility 
becomes  lower.  This  is  illustrated  dramatically  in  Fig.  1 where 
we  have  plotted  some  representative  particle  size  distributions 
as  measured  in  Grafenwohr,  FGR.  It  Is,  of  course,  impossible 
to  accommodate  such  an  effect  with  any  single  distribution. 
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In  the  remainder  of  this  section  we  will  reexamine  some  of  the 

h 

aspects  of  Mie  scattering  theory  with  the  intent  of  motivating 
a simple  and  more  general  scaling  model  that  does  take  into 
account  such  changes  but  does  not  depend  explicitly  upon  either 
a measured  or  assumed  size  distribution. 

Although  our  application  in  this  paper  will  be  to  water 
droplet  or  fog  measurements,  the  arguments  used  to  postulate 
the  scaling  model  are  generally  valid  for  other  particulates  as 
well . 

For  a specified  wavelength  A which  is  large  compared  to 
the  particle  size  r the  Mie  extinction  cross  section  ogxt  be- 
haves in  the  following  way  for  an  absorptive  medium 

o , ~ r3 

ext 


(2) 


where  the  proportionality  constant  depends  upon  the  wavelength 
dependent  complex  index  of  refraction.  The  total  aerosol  ex- 
tinction coefficient  B is  given  by  the  average  over  the 
particle  size  distribution  n(r)  via 


B 


aer 


■ /“ext  d"  ~f 


r^  dn 


(3) 


Hence,  in  this  limit  which  should  be  appropriate  for  IR  radiation 
and  light  fogs  or  hazes  the  aerosol  attenuation  at  a given  wave- 
length depends  only  upon  the  3rd  moment  of  the  distribution  or 
specifically  the  total  volume  V of  particulates,  in  a straight- 
forward linear  fashion 


It  Is  not  our  intent  to  provide  a detailed  outline  or  deri- 
vation of  the  Mie  scattering  equations.  The  interested  reader 
is  referred  to  any  one  of  a number  of  useful  texts  on  this 
subject,  such  as  (a)  H.C.  Van  de  Hulst,  "Light  Scattering  by 
Small  Particles,"  John  C.  Wiley  and  Sons,  New  York,  1957; 
or  (b)  D.  DeirmendJ ian,  "Electromagnetic  Scattering  on 
Spherical  Dispersions,"  American  Elsevier  Publishing  Co., 

1969. 
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6 ~V  (long  wavelength  absorptive  limit)  (4) 

3.0  r 

If  we  next  examine  the  other  extreme,  sometimes  referred  to  as 
the  geometric  limit,  where  the  particles  are  typically  large 
compared  to  the  wavelength  of  the  radiation,  then  large  particle 
scattering  dominates  and 


o 


ext 


2trr 


(5) 


Once  again  a size  averaging  yields  the  desired  result  related 
now  to  the  effective  area  A for  the  given  distribution  as  in 
Eq.  (2) 


B 


aer 


dn  ~ A (short  wavelength  limit) 


(6) 


This  result  should  hold  well  for  visible  radiation  transmission 
through  fogs  and  rain.  Assuming  real  world  distributions  are 
well  behaved  one  might  on  the  basis  of  Eqs.  (4)  and  (6)  postu- 
late the  following  scaling  law 


_ (long  wavelength) 
30  r 


c g 3/2 
CA  °aer 


(short  wavelength) 


(7) 


where  the  proportionality  constant  depends  only  upon  the 
spectral  bands  of  interest  and  the  particle  composition. 
Equations  (2)  - (4)  refer  to  the  so-called  Rayleigh  scattering 
region  for  absorbing  particles  (such  as  small  water  droplets  in 
the  10  pm  wavelength  region)  and  Eqs.  (5)  and  (6)  refer  to  the 
geometrical  scattering  region.  Equation  (7)  attempts  to  sim- 
plistically  relate  the  Rayleigh  and  geometrical  scattering 
regimes.  Although  this  limit  might  be  appropriate  for  the 
scaling  of  visible  transmission  data  to  the  10  pm  infrared 
window,  it  is  not  our  intent  to  formulate  a general  and  prac- 
tical scattering  model  on  this  basis.  For  example  with  dis- 
tributions containing  a large  number  of  particles  with  r > 10  pm 
the  long  wavelength  limit  is  not  reached  and  Eq . (7)  will  not 
be  valid.  However,  it  would  appear  that  for  most  fog-like 
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conditions  the  assumption  for  Eq.  (7)  are  more  nearly  true.  A 
validation  of  this  assumption  will  be  made  in  the  following 
sections.  Equation  (7)  differs  from  the  current  LOWTRAN  aerosol 
model1  which  essentially  provides  a linear  scaling  for  all  wave- 
lengths 

6 „ (long  wavelength)  = C.  6 (short  wavelength)  (8) 

cl  & X a a c x 


The  application  of  weather  data  to  these  results  is  usually  pro- 
vided  by  the  Koschmieder  relationship 


6 


aer  vis 


3-91 

v 


(9) 


derived  using  a 2%  contrast  transmission  requirement  where  v is 
the  reported  visual  range.  For  moderately  clear  conditions 
(meteorological  range  of  10  km  or  greater)  the  assumptions  for 
Eq.  (8)  are  more  nearly  true.  Unfortunately  these  are  not  the 
kinds  of  conditions  which  are  normally  critical  in  determining 
the  limits  of  sensor  performance/weather  capability.  It  is  the 
severe  limited  visibility  environment  which  is  usually  respon- 
sible for  Incapacitating  an  E/0  system.  For  these  cases  Eq . (8) 
is  not  generally  valid. 

It  is  not  our  goal  in  this  paper  to  necessarily  determine 
the  validity  requirements  for  Eq . (7)  or  (8).  Rather  we  would 
like  to  provide  the  motivation  for  adopting  a more  general  and 
flexible  model  that  incorporates  both  extremes  and  is  not  re- 
stricted to  a single  assumed  particle  distribution.  Although 
Eq.  (7)  is  interesting  in  that  it  is  insensitive  to  the  details 
of  the  particle  distribution  for  the  cases  where  it  could  apply 
(i.e.,  10.6  pm  radiation  and  medium  fog  conditions)  it  is  prob- 
ably too  restrictive  for  general  applications.  However,  the 

^op.  cit. 

5W.E.K.  Middleton,  "Vision  Through  the  Atmosphere,"  University 
of  Toronto  Press,  1968. 
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arguments  leading  to  it  are  relevant  to  that  goal.  In  particu- 
lar since  there  is  such  a small  change  in  the  functional  de- 

2 /J3 

pendence  of  8 upon  r (i.e.,  from  V to  V ' for  the  extremes) 

aci 

then  It  is  probably  not  presumtuous  to  assume  that 

6ser  * F(V)  (10) 

for  any  selected  wavelength  independent  of  possible  realistic 
shape  changes,  etc.,  in  the  particle  distribution.  The  critical 
conclusion  and  assumption  to  be  tested  is  that  for  a particular 
aerosol  and  spectral  region  the  attentuation  or  extinction  is 
most  critically  dependent  upon  the  volume  of  particulate  in  the 
atmospheric  path  and  not  so  much  upon  the  detailed  description 
of  the  distribution  function. 

If  this  statement  is  a valid  one  (as  we  hope  to  demonstrate 
below)  then  the  ramifications  to  the  modeling  community  are 
manifold . 

First  of  all  for  most  weather  conditions  other  than  ex- 
tremely dense  fogs  Eq.  (10)  is  most  appropriate  for  IR  radi- 
ation. This  results  from  the  fact  that  the  typical  particle 
sizes  in  hazes  and  fogs  are  usually  smaller  than  the  long  wave- 
length of  IR  radiation.  For  this  particularly  simple  case  the 
aerosol  extinction  is  directly  proportional  to  the  volume  of 
particulate.  This  will  be  validated  experimentally  in  the 
following  discussion.  Therefore  a simple  measurement  of  a 
quantity  related  to  the  volume  of  particulate  along  the  trans- 
mission path  (i.e.,  g/m^)  could  provide  a direct  measure  of  the 
IR  transmission  characteristics.  Thus  one  could  make  a routine, 
possibly  remote  measurements  of  the  IR  "visual  range"  since  it 
is  proportional  to  the  liquid  particulate  content.  This  kind 
of  meteorological  measurement  which  does  not  require  a tedious 
point-to-point  IR  transmission  measurement  could  in  turn  be  used 
directly  in  the  weather-sensor  performance  analysis.  One  pos- 
sible measure  would  be  the  integrated  backscatter  from  a LIDAR 
system  as  discussed  in  the  next  section. 
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Secondly,  In  lieu  of  such  a measurement,  Eq . (10)  can  be 
exploited  In  order  to  provide  an  Improved  scaling  of  the  normal 
photopic  visual  range  to  the  IR,  which  is  not  dependent  upon 
possible  shape  changes,  etc.,  in  the  particle  size  distribution. 
For  example,  if  the  aerosol  attenuation  has  a strong  functional 
dependance  only  upon  the  volume  content  V (as  suggested  by  Eq . 
(10))  then  a unique  relationship  exists  (independent  of  V)  be- 
tween the  extinction  coefficients  for  two  different  spectral 
bands : 

6 (IR)  = G(B  ^ (vis))  (11) 

aer  aer 

where  again  the  link  to  the  weather  data  base  is  provided  by 
Eq.  (9). 

We  are  using  the  IR  and  visible  portion  of  the  spectrum 

only  as  representative  examples.  The  above  statements  clearly 

hold  for  other  wavelength  regions  as  well.  Equation  (7)  as  well 

as  the  LOWTRAN  example  of  Eq.  (8)  are  Just  special  cases  of  the 

more  general  formulation  given  by  Eq . (11).  The  applicability 

of  Eq.  (11)  ultimately  depends  upon  the  validity  of  Eq . (10). 

In  the  following  paragraphs  we  hope  to  provide  such  a verifi- 
ed 

cation  using  the  published  results  of  Deirmendjian  as  well  as 
an  extensive  set  of  Mie  calculations  for  measured  particle  dis- 
tributions from  the  Grafenwohr  field  experiments. 

Ub 

The  Deirmendjian  calculations  of  the  aerosol  extinction 
coefficients  for  six  different  water  droplet  distributions  in- 
cluding three  haze  models  and  three  cloud  models  are  shown  in 
Fig.  2 for  0.7  pm  and  10  ym  radiation.  As  one  proceeds  from 
the  various  haze  models  to  the  cloud  models  the  particle  dis- 
tributions become  broader  and  contain  a greater  number  of  large 
particles  as  indicated  by  the  volume  of  liquid  water.  As  sug- 
gested by  the  earlier  arguments,  there  is  indeed  a strong  smooth 

Eb 

D.  Deirmendjian,  "Electromagnetic  Scattering  on  Spherical 
Dispersions,"  American  Elsevier  Publishing  Co.,  1969. 
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relationship  between  the  extinction  coefficient , at  each  wave- 
length, and  the  particulate  volume.  The  data  for  other  wave- 
lengths also  show  this  behavior.  Furthermore,  a regression 
analysis  on  Baer  (10  pm)  versus  £aer  (0.7  pro)  yields  &aer 

(10  pm)  ~ B 1-^7  (0.7  pm)  with  a coefficient  of  determination 
acr 

r0  = 0.99.  This  supports  the  limiting  form  of  Eq.  (7)  which 
suggests  Baer  (10  pm)  ~ 6a^50  (0.7  pm). 

Several  hundred  particle  distribution  measurements,  in- 
cluding balloon  experiments  to  study  the  vertlcle  lapse  rate, 
were  made  using  the  Knollenberg  PMS  counter  during  the  Grafenwohr 
test.  Using  these  measured  distributions  (several  representa- 
tive ones  are  shown  in  Fig.  1).  R.  Pinnick^'  of  the  ECOM  Atmos- 
pheric Science  Laboratories  performed  an  extensive  set  of  Fie 
scattering  calculations.  Although  the  distributions  inherently 
contain  a certain  degree  of  experimental  error,  the  calculations 
employing  them  nonetheless  provide  a valid  data  base  upon  which 
to  test  our  central  thesis  represented  by  Eq . (10).  Figures  3-5 
show  the  results  of  those  calculations  plotted  versus  liquid 
water  content  for  each  distribution  at  wavelengths  of  1,  k,  and 
10  pm,  respectively.  The  water  content  is  computed  from  the 
measured  distributions  assuming  the  aerosols  were  predominantly 
water.  This  does  not  pose  a real  restriction  since  the  Mie  cal- 
culations were  based  upon  these  distributions  using  pure  liquid 
water  optical  properties.  The  relatively  small  amount  of  spread 
shown  in  these  figures  is  in  fact  primarily  due  to  the  range  of 
particle  size  restrictions  imposed  by  the  PMS  counter.  For 
example  depending  upon  the  fogs  density,  different  particle  size 
ranges  were  used  (indicated  by  o and  x in  Figs.  3-5)-  A meas- 
urement made  using  a given  particle  setting  on  the  equipment 
therefore  necessarily  excludes  some  particles  otherwise  measured 
using  a different  range  setting.  In  general  the  points  clustered 
most  tightly  on  a given  line  in  Figs.  3-5  represent  a single  range 

^A  more  extensive  account  of  this  work  will  be  published  in  a 
forthcoming  paper  by  R.  Plnnick  and  this  author. 
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setting  for  the  instrument.  However,  even  neglecting  the  instru- 
mental artifacts,  the  match  between  6 and  V Is  still  quite 
good  - again  supporting  the  contention  of  Eq.  (10).  Finally 

one  finds  for  this  311  point  data  base  that  6 (10  pm)  ~ 

aer 

eaer^9  (1  prr,)  and  Baer  ( ^ pm)~6aer  2 ( 1 Mrr,)  aealn  supporting 
Eq . (7).  It  should  be  noted  that  each  of  the  above  sets  of 
calculations  were  performed  for  liquid  water  complex  indices  of 
refraction.  In  both  cases  the  real  and  imaginary  index  is  a 
strong  function  of  the  wavelength.  The  appropriate  references 

i4b 

for  the  Deirmendjian  computations  are  cited  in  his  text  whereas 
the  Pinnick  calculations  are  representative  of  the  Hale  and 

*7 

Querry  measurements  for  liquid  water. 

The  main  point  w’hich  we  wish  to  emphasize  here  is  that  the 
above  results  are  indicative  of  a large  number  of  distributions. 
For  the  case  of  the  Grafenwbhr  PMS  measurements  the  particle 
size  distributions  vary  drastically  in  shape  from  case  to  case 
(much  more  than  is  Indicated  in  Fig.  1).  Although  the  PK.S 
counter  excluded  particles  with  radii  greater  than  8 pm  we  have 
found  that  this  artifact  of  the  distribution  measurement  does 
not  affect  the  results  shown  in  Figs.  3-5  to  any  significant 
degree.  This  is  most  likely  due  to  the  rapid  exponential  falloff 
of  n(r)  versus  r as  illustrated  in  Fig.  1.  Furthermore  the 
Deirmendjian  calculations  have  no  such  restrictions  and  still 
show  a smooth  functional  relationship  between  aerosol  extinction 
and  liquid  water  content.  This  is  also  the  case  for  the  broad 
large  particle  distributions  representing  the  three  cloud  models 
(cf.  Fig.  2). 


As  further  support  for  the  contention  that  aerosol  ex- 
tinction is  most  strongly  dependent  upon  liquid  content  rather 

D 

than  the  explicit  functional  form  of  the  distribution,  Katz  has 

¥5  77 

op.  cit. 

^G.M.  Hale  and  M.R.  Querry,  "Optical  Constants  of  Water  in  the 
200  nm  to  200  pm  Wavelength  Region,"  App  Optics  12,  555  (1973)* 
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B.  Katz,  private  communication  (1976). 
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performed  an  analysis  analogous  to  the  one  In  this  paper  for  the 

maritime  aerosol  environment.  Using  a maritime  aerosol  dis- 
q 

tribution  whose  form  depends  upon  meteorological  factors  such 
as  wind  velocity  and  relative  humidity,  Katz  was  able  to  show 
an  even  closer  relationship  than  is  indicated  in  Figs.  3-5  for 
extinction  versus  liquid  content  and  for  wavelengths  from  the 
visible  to  long  wavelength  IR  region  of  the  spectrum.  In  fact 
this  relationship  was  found  even  though  his  particle  index  of 
refraction  was  dependent  upon  the  met  parameters  through  a 
varying  mix  ratio  between  pure  liquid  water  and  sea  salt. 

The  conclusion  of  the  above  discussion  is  that  for  a large 
number  of  different  measured  and  assumed  distributions  the 
volume  of  particulate  is  in  fact  the  most  critical  parameter  in 
determining  the  aerosol  extinction  and  thus  scaling  laws  and 
subsequent  analysis  based  upon  Eq.  (10)  and  (11)  should  be 
valid10.  Work  by  Hanel  and  his  collaborators  together  with  our 
own  current  efforts11  indicates  that  a similar  dependence  exists 
for  solid  particulates  as  well. 


9 w.C.  Wells,  G.  Gal,  and  M.W.  Munn,  "Aerosol  Distributions  in 
Maritime  Air,"  Lockheed  Palo  Alto  Research  Laboratory  Report 
(1976) . 

10G.  Hanel,  "The  Properties  of  Atmospheric  Aerosol  Particles 
as  Functions  of  the  Relative  Humidity  at  Thermodynamic 
Equilibrium  with  the  Surround  Moist  Air,"  Adv.  Geophysics 
19  (1976). 

11Work  in  progress  by  R.  Plnnick  and  R.  Roberts. 


! It. 


UNCLASSIFIED 


UNCLASSIFIED 


III.  CONCLUSIONS 

Most  current  aerosol  models  suffer  considerably  (especiall 
for  fog  conditions)  from  reliance  upon  a single  or  finite  numbe 
of  scaled  particle  size  distributions.  It  is  clear  from,  the 
Grafenwohr  measurements  and  the  analysis  presented  here  that 
this  methodology  is  not  valid.  The  outcome  of  using  any  pre- 
scribed particle  distribution  is  a linearized  model  as  given  in 
Eq.  (8).  A major  part  of  the  motivation  for  this  work  was  to 
demonstrate  that  such  a restrictive  assumption  is  unnecessary 
and  contradictory  to  modeling  the  real  atmospheric  aerosol 
environment,  particularly  for  limited  visibility  conditions. 

Our  extinction  versus  volume  content  analysis  shows  that  for  a 
wide  variety  of  cases  (such  as  the  Grafenwohr  measurements)  the 
volume  content  of  particulate  along  the  transmission  path  is 
the  most  important  parameter  in  determining  the  aerosol  ex- 
tinction. Thus  a more  general  and  valid  aerosol  scaling  model 
can  be  derived  (as  given  by  Eq . (11))  which  is  independent  of 
the  intricate  behavior  of  the  particle  distribution.  Implicit 
support  for  this  contention  is  also  provided  by  the  Grafenwohr 
transmission  measurements  shown  in  the  Appendix.  This  paper 
also  suggests  that  a relatively  simple  measurement  of  the 
liquid  content  along  a given  transmission  path  could  provide  a 
direct  indication  of  the  IR  propagation  along  that  path.  One 
very  enticing  possibility  for  a real  time  and  remote  measuremen 
would  be  to  use  a visiblle  LIDAR  technique.  The  measured  back- 

scatter  profile  represents  a sensitive  measure  of  the  liquid 

1 3 

water  content  along  the  prescribed  LIDAR  path  . Thus  one  is 

^E.E.  Uthe  and  R.J.  Allen,  "A  Digital  Real-Time  LIDAR  Data 
Recording,  Processing,  and  Display  System,"  J.  Optical 
and  Quantum  Electronics  121  (1975). 
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presented  with  the  exciting  possibility  of  rapidly  and  remotely 
monitoring  the  IR  atmospheric  propagation  characteristics  using 
a laser  ranging  device  operating  in  the  visible  part  of  the 


spectrum.  An  experimental  test  of  this  hypothesis  will  be 
carried  out  as  part  of  the  Army  Night  Vision  Laboratory  atmos- 
pheric propagation  program  in  February  1977. 
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PARTICLE  RADIUS  MICRONS 


FIGURE  1.  Particle  Size  Distributions  as  Measured 
in  Grafenwohr,  FGR  during  Fog  Formation. 
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FIGURE  2.  Calculated  Extinction  Coefficients  vs.  Water 
Content  for  0.7  pm  and  10.0  pm  Radiation  and 
6 Different  Aerosol  Models.  Mle  calculations 
according  to  Dei rmend j ian  (Ref.  4b)  with 
particle  distribution  functions  and  wave- 
length dependent  index  of  refraction  given 
therein  for  liquid  water  droplets. 
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FIGURE  3.  Extinction  Coefficient  vs.  Water  Content  for 
4 ym  Radiation  and  Measured  Particle  Dis- 
tributions from  Grafenwohr.  Each  point 
represents  a distinctly  different  measured 
distribution.  Mie  calculations  performed 
with  the  liquid  water  optical  properties  of 
Hale  and  Querry  (Ref.  7). 
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FIGURE  4.  Extinction  Coefficient  vs.  Water  Content  for 
1 pm  Radiation  and  Measured  Particle  Dis- 
tributions from  Grafenwbhr.  Each  point 
represents  a distinctly  different  measured 
distribution.  Mie  calculations  performed 
with  the  liquid  water  optical  properties  of 
Hale  and  Querry  (Ref.  7). 
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FIGURE  5.  Extinction  Coefficient  vs.  Water  Content  for 
10  ym  Radiation  and  Measured  Particle  Dis- 
tributions from  Gra  f enwohr . Each  point 
represents  a distinctly  different  measured 
distribution.  Mie  calculations  performed 
with  the  liquid  water  optical  properties  of 
Hale  and  Querry  (Ref.  7). 
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APPENDIX:  SCOPE  OF  EXPERIMENTAL  DATA  BASE 

In  order  to  characterize  the  atmospheric  transmission  for 
a quantified  German  winter  environment  the  Army  Night  Vision 
Laboratory  conducted  a series  of  field  measurements  at  Grafenwohr, 
FGR  from  November  1975  - January  1976. 

Since  the  Grafenwohr  field  tests  were  performed  during  the 
winter,  for  most  conditions  the  most  significant  contribution 
to  the  atmospheric  attenuation  was  from  fine  particle  aerosols 
such  as  haze  and  fog  as  well  as  large  particles  such  as  rain 
and  snow.  In  the  previous  sections  we  presented  arguments  which 
suggested  a strong  relationship  between  aerosol  extinction  co- 
efficients in  different  spectral  bands.  Clearly  the  same  re- 
lationship then  exists  for  transmission  as  well.  Towards  the 
end  of  December  30  and  during  December  31,  1975  a particularly 
clean  set  of  measurements  were  made  on  what  appears  to  be  a 
textbook  example  of  stable  ground  fog  conditions.  In  Fig.  6 we 
have  plotted  the  transmission  for  the  0. 8-1.1  pm  and  3-^-^.l  pm 
band  as  a function  of  the  8.1-12.0  pm  transmission.  The  agree- 
ment with  the  analysis  presented  in  the  aerosol  modeling  section 
is  excellent.  The  molecular  absorption  component  has  not  been 
normalized  out  of  these  curves.  It  is  however  constant  to  within 
a few  percent  for  the  conditions  cited  in  Fig.  6.  It  also  shows 
that  there  is  perhaps  a slight  favoring  tf  the  8.1-12.0  pm 
region  over  the  competitive  3.^-^.l  pm  IR  band.  The  transmission 
in  the  IR  regions  is  significantly  greater  than  the  .8-1.1  pm 
band.  The  particle  distribution  and  composition  measurements 
for  this  time  period  bear  this  out  as  well. 

The  measured  particle  distributions  together  with  the  meas- 
ured transmission  and  AF  visibility  estimates  for  representative 
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points  during  30-31  December  are  shown  in  Fig.  1.  The  trend  is 
quite  clear.  The  left  curve  represents  the  best  of  the  visi- 
bility and  transmission  which  are  growing  progressively  poorer 
with  time  and  with  the  successive  shifting  of  the  curves  to  the 
right.  There  is  a drastic  change  in  the  shape  of  the  distri- 
butions with  the  larger  particles  having  a greater  representa- 
tion as  the  visibility  drops.  This  again  underlines  the  neces- 
sity of  having  aerosol  models  which  are  not  explicitly  dependent 
upon  a single  representative  size  distribution  as  is  the  case 
for  LOWTRAN.  LOWTRAN  3b  will  include  additional  aerosol  models, 
although  none  of  these  are  representative  of  fog  conditions, 
such  as  those  occurring  at  Grafenwohr.  The  more  general  aerosol 
scaling  models  discussed  in  the  earlier  portion  of  this  paper 
can  accommodate  this  flexibility. 

In  this  Appendix  we  have  made  no  attempt  to  present  a com- 
prehensive review  of  the  Grafenwohr  trials.  That  will  form  the 
subject  matter  of  a more  comprehensive  report  sponsored  Jointly 
with  the  Army  Night  Vision  Laboratory  and  Atmospheric  Science 
Laboratory.  Instead  we  have  tried  to  highlight  some  of  the  most 
important  elements  of  the  field  measurements  as  they  relates  to 
atmospheric  modeling  and  sensor  performance  in  particular. 

A study  is  currently  in  progress  at  IDA  which  shows  that 
similar  relationships  exist  between  transmission  bands  for 
other  different  environments  such  as  English  maritime,  and  Camp 
A . P . Hill,  Virginia.  This  study  lends  further  experimental 
documentation  to  the  proposed  aerosol  model.  We  are  also 
carrying  out  a more  detailed  comparison  of  aerosol  models  (de- 
rived from  computations  such  as  those  presented  in  this  paper) 

with  a more  extensive  limited  visibility  data  base  from 
1 2 
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FIGURE  3.  Extinction  Coefficient  vs.  Water  Content  for 
4 urn  Radiation  and  Measured  Particle  Dis- 
tributions from  Grafenwohr.  Each  point 
represents  a distinctly  different  measured 
distribution.  Mie  calculations  performed 
with  the  liquid  water  optical  properties  of 
Hale  and  Qu erry  (Ref.  7). 

1 10 


UNCLASSIFIED 


EXTINCTION  COEFFICIENT  (PER  KM) 


A11  4.0 


HATER  CONTENT  IGM  PER  METEP«*3) 

7-7“*  76- JO 


FIGURE  4.  Extinction  Coefficient  vs.  Water  Content  for 
1 pm  Radiation  and  Measured  Particle  Dis- 
tributions from  Grafenwohr.  Each  point 
represents  a distinctly  different  measured 
distribution.  Mie  calculations  performed 
with  the  liquid  water  optical  properties  of 
Hale  and  Querry  (Ref.  7). 


EXTINCTION  COEFFICIENT  (PER  ICM) 


\=  lO.O^m 


co 


10 


I I” 3~I^e/syl  3 '"'IsTffii  i jiist 

“ . „ i ,U-i  .U  ' .U° 


/Bui  I j”lbr  ilj  ~ 3 
*~°  10‘ 


10  10  10  10"  10 
WATER  CONTENT  (C-M  TER  METER««3) 


FIGURE  5.  Extinction  Coefficient  vs.  Water  Content  for 
10  um  Radiation  and  Measured  Particle  Dis- 
tributions from  Grafenwohr.  Each  point 
represents  a distinctly  different  measured 
distribution.  Mie  calculations  performed 
with  the  liquid  water  optical  properties  of 
Hale  and  Querry  (Ref.  7). 
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FIGURE  6.  Transmission  in  the  3. 4 -4.1  vim  ana  0.8  -1.1  v- n 
band  vs.  the  8.1-12.0  urn  band  for  Graferwohr. 
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ABSTRACT 

This  paper  discusses  the  complex  refractive  index  of  atmospheric 
particulate  matter  and  the  current  status  of  methods  of  measurement  of 
both  the  real  and  imaginary  parts.  Current  deficiencies  in  knowledge 
of  this  index,  and  measurement  methods  are  pointed  out.  An  effort 
is  made  to  show  why  we  need  to  measure  this  quantity,  and  where  future 
effort  should  be  directed  in  order  to  provide  the  kind  of  data  needed 
to  properly  model  the  effects  of  atmospheric  particulates  on  E 0 sys- 
tem performance.  Specific  work  being  done  to  alleviate  some  of  the 
difficulties  is  also  described. 


INTRODUCTION 

In  order  to  quantitatively  describe  the  interaction  of  visible  or 
infrared  radiation  with  any  aerosol  such  as  fog,  haze,  dust  or  smoke, 
the  Mie  theory  is  still  the  most  useful  computational  tool  we  have 
available.  Being  strictly  valid  only  for  aerosols  composed  of  spheri- 
cal particles,  it  does  not  solve  all  of  our  problems.  But  nevertheless, 
it  is  good  enough  in  most  cases  and  practical  enough  in  application  so 
that  it  constitutes  the  neartof  most  modern  computer  codes  that  try  to 
model  important  aerosol  optics  problems. 

In  order  to  use  the  Mie  theory  to  predict  the  optical  properties 
of  an  aerosol,  two  general  kinds  of  information  about  the  particles  or 
droplets  in  the  aerosol  are  required.  The  first  kind  is  the  spectral 
number  density  of  the  particles  - how  many  there  are  per  unit  volume, 
and  what  their  sizes  are.  The  second  kind  of  information  is  knowledge 
of  the  optical  characteristics  of  the  materials  of  which  the  particles 
are  composed,  and  this  means  the  complex  refractive  index.  Unlike  the 
spectral  number  density,  which  is  a physical  property  of  an  aerosol, 
the  complex  refractive  index  is  wavelength  dependant,  and  if  the  parti- 
cles are  not  homogeneous  in  composition  - as  is  the  case  in  natural  dust  - 
may  vary  radically  from  particle  to  particle  in  the  aerosol.  It  is  this 
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second  kind  of  information,  the  complex  refractive  index  - how  well 
we  can  determine  it,  how  well  we  need  to  determine  it, and  what  we  already 
know  about  it  - that  is  the  subject  of  this  paper. 

REVIEW  OF  MEASUREMENT  METHODS 

In  general  the  refractive  index  of  any  material^  is  a complex 
number,  it  has  a real  part  which  tends  to  describe  how  the  material  re- 
fracts or  reflects  light,  and  an  imaginary  part  which  describes  the 
sample's  ability  to  absorb  light.  When  we  talk  of  methods  of  measuring 
these  two  numbers,  the  real  and  imaginary  parts,  for  a particular  sub- 
stance, it  is  necessary  to  group  materials  into  two  categories.  The 
first  is  optically  homogeneous  materials  that  don't  significantly  scat- 
ter light  at  the  wavelength  of  interest.  This  includes  most  liquids, 
many  optically  clear  solids  like  glass,  and  high  quality  single  crystals 
such  as  some  specimens  of  quartz  or  calcite.  The  second  group  of 
materials  is  those  available  only  in  solid  powdered  form,  those  which 
can  only  be  obtained  as  samples  which  scatter  as  well  as  absorb  light. 

Most  atmospheric  dust  materials,  particularly  in  arid  regions,  fall 
into  this  category,  as  do  fly  ash  and  smoke  particles  from  industrial 
pollution  sources. 

For  the  first  kind  of  materials,  which  can  be  obtained  with  an 
optically  flat  surface  that  reflects  but  does  not  significantly  scatter 
light,  the  problem  is  not  difficult  in  principle.  For  a collimated 
plane  polarized  beam  of  light  incident  on  an  optically  flat  surface, 
the  well  known  Fresnel  equations  completely  describe  the  reflectance 
as  a function  of  the  angle  of  incidence  and  angle  of  polarization  of 
the  radiation,  and  the  complex  refractive  index  of  the  materials  in- 
volved. One  can  measure  such  a specular  reflectance  for  several  angles  I 

of  incidence  or  polarization  angles,  and  solve  the  Fresnel  equations 
simultaneously  for  the  real  and  imaginary  parts  of  the  refractive  index. 

In  practice  the  error  budget  and  other  experimental  difficulties  lead 
to  complications  that  quickly  add  to  the  difficulty  of  the  problem, 
but  nevertheless  a closed  solution  does  exist.  Basically  what  is  called 
for  are  careful  measurement  technique  and  sophisticated  data  reduction 
methods.  The  complex  index  of  liquid  water,  the  most  important  sinqle 
aerosol  component,  can  and  has  been  obtained  by  such  methods'.  Measure- 
ments on  sulfuric  acid  solutions  have  been  made  in  this  wav3.  Querry^ 

is  currently  using  such  techniques  to  measure  the  optical  constants  of  \ 

phosphoric  acid  and  other  liquids  of  importance  in  the  optics  of  artifi- 
cial (countermeasures)  aerosols.  Some  of  the  soil  derived  minerals  that 
are  commonly  found  in  atmospheric  dust  are  mineral  species  that  can  be 
obtained  in  large  clear  monocrystals.  From  specular  reflectance 
measurements  made  on  polished  sections  of  such  high  quality  crystals 
the  Fresnel  equations  approach  can  yield  good  results.  Quartz,  calcite 
and  gypsum  are  such  minerals,  and  for  at  least  one  of  these,  quartz, 
good  results  have  been  published  by  Peterson  and  Weinman^.  In  general 
we  can  say  that  for  the  group  of  materials  that  don't  scatter  light, 

adequate  methods  exist  for  obtaining  the  complex  refractive  index,  in  j 
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the  visible  and  infrared  spectral  regions,  or  for  whatever  wavelengths 
adequate  radiation  sources  and  detectors  are  available. 


For  the  second  group  of  atmospheric  particulate  materials  the 
problem  is  much  more  difficult,  and  as  we  shall  point  out,  not  yet 
completely  solved.  Many  of  the  soil  minerals  and  other  materials 
found  in  the  earth's  aerosol  do  not  exist  in  anything  other  than  pow- 
dered form  or  in  solid  masses  of  find  particles.  Clay  minerals,  which 
show  strong  highly  wavelength  selective  absorption  in  the  infrared,  are 
examples  of  such  materials.  One  cannot  find  a clear  single  crystal  of 
ill i t e clay  for  example  that  is  large  enough  to  permit  specular  re- 
flection measurements  to  be  made,  so  the  Fresnel  equations  approach 
is  not  directly  useable  here,  lypically,  silicate  clay  minerals  are 
composed  of  crystals  only  a few  microns  in  size.  Thus  in  making 
optical  measurements  on  such  materials  one  must  use  a sample  that  is 
basically  a powder  in  nature.  Such  a sample  both  scatters  and  absorbs 
light,  and  that  is  the  heart  of  the  problem  of  determining  the  complex 
refractive  index  of  such  materials.  In  any  measurement  one  must 
separately  account  for  attenuation  due  to  scattering  and  absorption. 


Up  until  a few  years  ago,  no  methods  existed  for  determining  the 
complex  index  of  a powder  of  unknown  composition  or  particle  size 
such  as  atmospheric  dust.  Because  of  the  clear  need  for  such  data, 
Volz^,  in  a pioneering  effort  in  the  field,  attempted  to  apply  a form 
of  the  Fresnel  equation  approach.  Fie  pressed  atmospheric  particulate 
samples  in  a steel  die  with  polished  surfaces,  and  obtained  pellets 
upon  which  pseudospecular  reflectance  measurements  could  be  made.  Fie 
obtained  valuable  information  about  the  infrared  complex  index  of 
samples.  Fischer'7  then  developed  a diffuse  reflectance/transmittance 
method  for  measuring  the  imaginary  index  only.  Other  workers"’"  sug- 
gested methods  for  measuring  the  imaginary  index  of  samples  collected 
on  a membrane  filter,  without  removing  the  sample  from  the  filter. 
Diffuse  reflectance  methodslO>ll  are  now  available  which  satisfactorily 
measure  the  imaginary  index  of  dry  particulates  in  the  visible  and  near 
infrared  spectral  region.  Such  methods  are  not  useful  in  the  infrared 
yet,  because  diffuse  reflectance  spectroscopic  technology  is  not  well 
developed  for  wavelengths  much  beyond  about  2um.  Fischer'^  has  ex- 
tended his  methodology  to  the  middle  infrared  and  has  published  some 
good  data.  Unfortunately,  Fischer's  work,  which  was  done  as  part  of 
a dissertation  in  West  Germany,  is  not  being  continued  at  the  moment. 
However,  Schleusener  et  alJ3  have  used  spectrophone  technology  to  solve 
this  problem,  and  measurements  of  the  imaginary  refractive  index  at  all 
important  visible  and  infrared  laser  wavelengths  can  now  be  made. 
Schleusener  and  Lindbergh  have  recently  measured  the  imaginary  index 
of  atmospheric  particulate  samples  representing  extremes  of  composition 
in  the  visible  and  near  infrared  using  a helium  neon  laser,  and  in  both 
infrared  atmospheric  window  regions  using  tunable  deuterium  flouride 
and  carbon  dioxide  lasers. 
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All  of  the  methods  described  previously  provide  values  of  the 
imaginary  refractive  index  of  dry  atmospheric  particulate  matter.  In 
general,  it  is  safe  to  say  that  reasonably  satisfactory  methods  do 
exist  now  for  obtaining  the  imaginary  index  of  dry  solid  particles 
in  the  0.4  to  Hum  spectral  region.  By  "reasonably  satisfactory",  we 
mean  that  while  resulting  data  do  have  significantly  large  error  bars 
in  general,  the  accuracy  appears  to  be  good  enough  for  the  majority 
of  military  E-0  systems  effects  modeling  applications.  We  will  comment 
further  on  this  below. 

Evaluation  of  the  effect  of  humidity  on  the  complex  refractive 
index  of  particulate  matter  is  in  need  of  further  work.  Many  atmos- 
pheric particulates  materials  are  water  soluble  or  hygroscopic  in 
nature,  and  go  through  a complicated  transition  from  dry  irregularly 
shaped  grains  at  low  humidities  to  droplets  of  liquid  solutions  at 
High  relative  humidity.  The  complex  index  of  tfje  particles  is  of 
course  severely  altered  by  such  a transition.  Hanel'^  has  done  some 
excellent  work  on  this  problem  in  the  visible  spectrum,  and  has 
shown  how  the  complex  index  varies  from  that  of  a dry  grain  at  low 
humidity  to  that  of  liquid  water  at  high  humidity,  in  a continuous, 
but  surprisingly  complicated  manner.  Extension  of  his  approach  into 
the  infrared  region  would  provide  useful  information  about  this  prob- 
lem. 


The  most  hopeful  solution  to  the  general  problem  of  measuring 
the  imaginary  index  as  a function  of  relative  humidity  would  probably 
be  to  take  advantage  of  recent  work  by  Bruce^.  He  is  developing 
spectrophone  technology  to  the  point  where  it  can  separately  measure 
the  particulate  and  gaseous  absorption  components  of  absorption  of 
laser  energy  in  an  aerosol.  The  important  point  is  that  this  is  an 
in  situ  spectrophone  approach,  and  will  deal  with  the  particulates 
in  their  suspended  state  in  the  air,  rather  than  with  a sample  collected 
(and  therefore  modified)  by  some  mechanical  process.  If  such  a device, 
coupled  with  more  conventional  imaginary  index  measurement  methods  were 
applied  to  the  problem,  the  state  of  knowledge  of  the  imaginary  index 
of  refraction  for  atmospheric  particulate  materials  could  be  brought 
to  a satisfactory  state  as  far  as  E 0 systems  performance  modeling  is 
concerned. 

There  is  one  area  where  available  methodology  and  knowledge  is 
not  satisfactory.  This  is  the  problem  of  measuring  the  real  part  of 
the  complex  refractive  index  for  dust  particles  such  as  we  have  been 
discussing.  Hanoi  has  developed  a method  for  measurement  of  the  real 
index  of  atmospheric  dust  samples  in  connection  with  his  variation 
with  humidity  work  mentioned  above. ''However,  this  method  is  confined 
in  applicability  to  the  visible  spectrum,  although  extension  to  the 
infrared  is  conceivable.  The  older  attempt  by  Volz  to  apply  Fresnel 
equations  methods  to  the  problem  of  measurinn  the  complex  index  does 
offer  some  small  promise  as  a solution,  but  could  never  provide  the 


1 


humidity  variation  information  that  is  needed.  Another  possibility 
is  to  use  dispersion  analysis  and  Kramers-  Kronig  techniques  to  es- 
timate the  real  refractive  index  from  knowledge  of  the  wavelength 
dependence  of  the  imaginary  index.  This  can  in  principle  be  done  be- 
cause the  real  and  imaginary  parts  of  the  complex  refractive  index  are 
not  independent.  However,  such  techniques  call  for  much  more  accurate 
measurements  of  the  imaginary  part  than  are  currently  available. 

Therefore  we  can  say  that  right  now  no  satisfactory  methods  are 
available  for  measurement  of  the  infrared  real  refractive  index  of 
many  of  the  common  atmospheric  particulate  materials.  We  will  comment 
on  the  impact  of  this  deficiency  in  the  next  section. 

REQUIRED  MEASUREMENT  ACCURACY 

So  far  we  have  given  a brief  discussion  of  the  current  capability 
of  determining  the  optical  constants  - the  complex  refractive  index  - 
of  the  liquid  and  solid  particles  in  the  atmospheric  aerosol.  Now 
we  address  the  question  of  how  satisfactory  the  current  knowledge  of 
this  complex  index  is,  and  how  adequate  are  the  existing  measurement 
methods.  The  really  relevant  question  is,  how  well  we  need  to  know 
the  complex  index,  from  an  E-0  systems  optics  point  of  view.  We 
can  make  a modest  beginning  at  answering  this  question  by  examining 
some  typical  Mie  calculations  of  the  sort  that  go  into  E-0  systems 
performance  models.  Suppose  we  take  as  an  example  a loq  normal  size 
distribution  of  atmospheric  particulate  matter  such  as  might  be  found 
in  a rural  area  on  a day  without  fog,  high  winds,  or  unusual  meteor- 
ological conditions  such  as  snow  or  rain.  We  will  then  normalize  the 
size  distribution  to  represent  100  pgm/m^  of  particulate  matter,  a not 
uncommon  value.  Using  Mie  theory,  and  choosing  several  complex  indices, 
we  can  then  calculate  the  corresponding  absorption,  scattering,  and 
extinction  coefficients  for  such  an  atmospheric  aerosol.  An  example 
of  such  calculations  for  two  different  wavelengths  is  shown  in  Table  I. 
The  refractive  indices  were  chosen  to  illustrate  how  variations  in 
their  magnitudes  can  affect  the  computational  result.  We  will  now  ex- 
amine this  table,  and  show  that  it  suggests  some  interesting  things 
about  our  need  for  complex  refractive  index  information  data. 

Consider  first  the  results  calculated  for  a wavelength  of  one  micro- 
meter. We  see  that  for  this  case,  significant  variations  in  complex 
refractive  index  cause  only  trivial  changes  in  the  extinction  coeffi- 
cient for  the  aerosol.  So  from  a strict  attenuation  point  of  view,  the 
complex  refractive  index  is  not  so  important.  The  particle  size  dis- 
tribution is  really  the  important  factor.  This  is  because  for  short 
wavelengths  many  atmospheric  dust  particles  are  large  compared  to  the 
wavelength,  and  to  a good  approximation  extinction  coefficient  is  pro- 
portional to  the  total  geometric  shadow  area  of  the  particles,  regard- 
less of  composition  or  complex  index.  Looking  at  the  calculations  for 
a 10  pm  wavelength,  however,  we  see  that  this  is  not  the  case.  Smaller 
variations  in  the  imaginary  index  cause  more  significant  changes  in 
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extinction.  This  is  because  for  10  pm  radiation  the  wavelength  is 
no  longer  small  compared  to  the  important  particles  in  the  size  dis- 
tribution. 


TABLE  I.  MIL  CALCULATIONS  SHOWING  THE  EFFECT 
OF  VARI A I IONS  IN  THE  COMPLEX  REFRACTIVE  INDEX 


Wavelength 

Complex 

Exti nction 

Scattering 

Absorption 

Micrometers 

I ndex 

Per  km 

Per  km 

Per  km 

1 

1 . 5- . 005 i 

.0249 

.0211 

.0038 

1 

1 .5-.0b0i 

.0249 

.0134 

.0115 

1 

1 . 8- . 005 i 

.0251 

’ .0212 

.0039 

1 

1 .6- . 0 5 0 i 

.0250 

.0140 

.0110 

10 

1 .5-.1001 

.0184 

.0119 

.0065 

10 

1 .5-.500i 

.0228 

.0085 

.0143 

10 

2. 5- . 1 OOi 

.0343 

. 0240 

.0103 

10 

2. 5- . 500i 

.0321 

.0159 

.0162 

We  know  from  available  data  (examples  of  which  are  shown  later) 
that  in  the  visible  and  near  infrared  region  the  imaginary  index  can 
vary  about  as  shown  in  the  upper  part  of  Table  I,  and  we  can  measure 
this  quantity  with  an  accuracy  of  about  a factor  of  two  in  error.  It 
is  known  that  the  real  index  does  not  vary  greatly  in  this  region,  and 
again  the  variability  is  probably  not  unlike  that  shown  in  the  upper 
part  of  Table  I.  Therefore,  from  an  extinction  point  of  view,  current 
measurement  techniques  are  probably  adeauate,  in  the  visible  and  near 
infrared  region. 

Note  however,  that  for  applications  where  more  than  just  an  es- 
timate of  attenuation  is  needed,  the  complex  index  is  somewhat  more 
important.  If,  for  example,  one  is  concerned  about  using  laser  radia- 
tion for  secure  communications  purposes  or  as  a target  designator  per- 
haps the  scattering  coefficient  is  the  more  important  quantity.  It 
can  be  seen  from  the  upper  part  of  Figure  I that  changes  in  complex  in- 
dex do  have  a fairly  direct  effect  on  the  scattering  and  absorption 
coefficients.  A change  in  imaginary  index  produces  opposing  effects 
in  the  scattering  and  absorption  coefficients,  and  these  effects  tend 
to  cancel  out  in  the  sum,  which  of  course  is  the  extinction  coefficient. 
Nevertheless,  current  technology  can  produce  the  optical  constant  data 
needed  for  the  visible  and  neodymium  laser  wavelength  (1.06  vim)  region. 

At  lonoer  wavelengths  however,  the  current  situation  is  not  so 
nice.  In  the  spectral  region  around  10  pm,  the  imaginary  refractive 
indices  of  natural  aerosol  materials  are  highly  wavelenuth  dependent., 
and  can  vary  over  much  wider  limits  than  implied  by  the  numbers  used 


in  the  lower  part  of  Table  I.  As  shown  in  the  work  of  Peterson  and 
Weinman  , both  the  real  and  imaginary  refractive  indices  for  quartz 
can  vary  from  values  as  low  as  6.3  to  as  high  as  7.0,  in  a rather  nar- 
row spectral  interval.  This  is  very  much  different  from  the  situation 
in  the  visible  spectrum.  If  we  look  at  the  bottom  part  of  Table  I we 
see  that  such  variability  would  have  a profound  effect  on  extinction 
as  well  as  scattering  and  absorption  calculations.  Fortunately,  not 
all  dust  particles  are  quartz,  and  much  averaging  occurs  because 
natural  aerosols  contain  a mixture  of  materials.  Nevertheless , a 
large  part  of  natural  mineral  dust  consists  of  complex  silicate  mat- 
erials, which  have  chemical  bonds  not  unlike  those  of  quartz,  and  very 
little  is  currently  known  about  the  complex  indices  of  such  materials. 
Work  is  in  progress  in  our  laboratory  on  measuring  the  imaginary  index 
of  atmospheric  particulate  materials  at  laser  wavelengths  (DF  and  CO2) 
in  both  infrared  window  regions,  as  will  be  discussed  in  the  next  sec- 
tion. But,  as  pointed  out  in  the  last  section  of  this  paper,  no 
methods  are  available  for  directly  measuring  the  real  part  of  the  comp- 
lex index  in  the  infrared  for  such  materials.  Table  I makes  it  clear 
that  the  real  index  is  as  important  as  the  imaginary  in  some  cases. 

We  believe  that  this  is  a serious  deficiency  in  the  current  state  of 
knowledge  and  measurement  capability  as  far  as  the  complex  refractive 
index  of  atmospheric  particulate  matter  is  concerned. 

The  kind  of  parametric  variation  study  shown  in  Table  I is  in- 
tended here  only  as  an  example  of  the  kind  of  thing  that  needs  to  be 
done  to  really  know  where  to  put  our  efforts  as  far  as  determining 
the  complex  index  of  aerosol  components  is  concerned.  What  is  shown 
here  is  only  to  illustrate  one  or  two  current  deficiencies  that  we  con- 
sider to  be  important,  it  is  in  no  way  comprehensive.  In  any  particular 
case  - for  each  E-0  system  application  - one  must  make  similar  calcula- 
tions for  different  atmospheric  conditions,  and  compare  the  resulting 
uncertainties  to  other  systems  problems.  The  purpose  here  was  only 
to  give  our  view  of  current  status  of  the  technology  available  for 
providing  the  input  data  needed  to  prepare  atmospheric  propagation 
models  that  are  actually  useful  to  the  E-0  systems  community. 

AEROSOL  OPTICS  RELATIONSHIP  TO  ROUTINE  METEOROLOGICAL  DATA 

All  by  itself  information  about  the  optical  constants  of  aerosols 
is  not  of  much  value  to  the  E-0  systems  community.  What  the  indivi- 
dual responsible  for  design,  development  or  testing  of  some  E-0  system 
really  wants  to  know  is,  "what  are  fog,  haze,  dust,  smoke,  etc.  going 
to  do  to  my  equipment,  what,  limitations  are  they  going  to  impose  on 
its  real  performance"?  Tor  input  information  about  all  he  can  really 
have  to  work  with  is  knowledge  of  where  in  the  world  the  system  will 
be  required  to  operate,  and  some  idea  of  the  prevailing  meteoroloy ical 
conditions,  based  on  rather  straightforward  routine  met  data.  Its  not 
possible  to  go  out  and  measure  transmission,  scattering,  or  the  optical 
constants  of  aerosols  for  all  the  locations  and  circumstances  which 


are  now  or  may  be  of  importance  to  U.  S.  military  operations.  We 
have  to  make  generalizations,  and  construct  workable  models,  so  that 
it  is  possible  to  look  at  current  meteorological  data,  and  make  a 
reasonable  assessment  of  the  optical  nature  of  the  atmosphere,  for 
any  particular  location  and  season  of  year.  The  most  important  input 
information  about  the  complex  refractive  index  of  atmospheric  aerosol 
materials  needed  in  order  to  construct  such  models  is  two  fold.  We 
need  to  know  the  mean  or  typical  values,  along  with  extreme  values  to 
establish  limits  of  variability,  for  different  classes  of  geographical 
localities.  Then  we  need  to  determine  , at  least  empirically,  how 
the  complex  index  varies  with  prevailing  meteorological  c i rcumstance. 

We  will  now  briefly  describe  efforts  that  we'  are  making  to  do  this; 
and  show  some  preliminary  samples  of  resulting  data. 

We  have  initiated  a program  which  examines  collected  atmospheric 
particulate  samples  from  a variety  of  locations  in  North  America, 

Panama,  Europe*  , and  Israel.  We  are  currently  measuring  thOniaginary 
index  of  such  samples  continuously  throughout  the  0.4  to  1.7  pm  spec- 
tral region,  as  well  as  in  the  3-b  and  9-11  pm  spectral  windows,  using 
discreet  laser  sources.  We  also  determine  composition  and  the  imaginary 
index  of  these  component  materials.  In  addition,  for  reasons  discussed 
earlier,  we  are  trying  to  develop  methods  of  measuring  the  real  refrac- 
tive index  of  these  materials.  With  each  sample  collected,  we  are  ob- 
taining records  of  meteorological  data  relevant  to  that  sample.  The 
objective  of  all  this  is  to  develop  the  data  base,  and  formulate  the 
relationships  (either  theoretical  or  empirical)  needed  to  adequately 
relate  aerosol  optics  to  meteorological  observations. 

In  Figure  1 and  Table  II  there  are  samples  of  preliminary  results 
which  have  been  presented  elsewhere'^’  *9.  Notice  that  in  the  visible 
and  near  infrared  the  imaginary  index  can  vary  more  than  an  order  of 
magnitude  in  different  parts  of  the  world.  An  important  feature  of 
the  data  presented  in  Table  II  is  the  fact  that  the  imaginary  index 
in  the  9 to  11  pm  region  shows  a strong  wavelength  dependence,  whereas 
in  the  3-5  window  region  it  shows  a more  monotonic,  somewhat  weaker 
wavelength  dependence.  Note  too  that  in  the  9-11  pm  region  the  wave- 
length of  peak  absorption  is  different  for  the  two  samples  shown. 

This  is  because  of  the  distinctly  different  composition  of  the  samples 
from  different  localities.  These  comments  are  general  features  of 
particulate  samples,  and  illustrate  some  of  the  details  that  must  be 
taken  into  account  in  constructing  propagation  effects  models. 

Another  feature  related  to  the  above  work  is  the  fact  that  all 
aerosol  particles  do  riot  always  have  the  same  complex  refractive  in- 
dex. Different  particle  size  regemes  are  composed  of  radically  differing 
materials,  and  this  means  that  for  atmospheric  dust,  both  natural  and 
battlefield  induced,  the  complex  index  varies  significantly  with  particle 
size.  Preliminary  work  on  this  point  is  being  done  both  in  West  Germany 
and  in  or  1 abora tory^ ' • Table  III  shows  some  measurements  of  imaginary 
index  made  on  a particulate  sample  which  has  been  broken  down  into  eight 
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WAVELENGTH  IN  MICROMEIERS 

(A)  MANCHESTER,  ENGLAND  (C)  ABERDEEN,  MD.,  USA 

(B)  MEPPEN,  GERMANY  (D)  DUGWAY  PROVING  GROUNDS,  UTAH 

(E)  CANAL  ZONE,  ATLANTIC  COAST,  PANAMA 

FIGURE  1.  Selected  examples  of  visible  near  infrared  imaginary 
refractive  indices  of  atmospheric  particulate  samples. 


TABLE  II.  SPECTROPHONE  MEASUREMENTS 
OF  IMAGINARY  REFRACT  I VI  INDEX 


Wavelength 

White  Sands, 

Grafenwohr 

Micrometers 

New  Mexico 

West  Germany 

1.06 

.006 

.040 

3.61 

.010 

.056 

3.80 

.0G9 

.054 

4.01 

.010 

.056 

9.220 

.430 

.406 

9.695 

.626 

.221 

10.661 

.158 

.115 

1 1 


particle  size  categories,  using  an  Andersen  2000,  Inc.  cascade  im- 
pactor.  In  the  data  presented  here  the  size  categories  are  as  stated 
by  the  instrument  manufacturer,  we  have  not  yet  completed  our  work  on 
confirming  them.  However,  the  data  do  illustrate  the  point  clearly. 

The  fact  that  small  particles  have  a tendency  to  show  a much  greater 
index  than  do  larger  ones  is  a general  tendency  in  most  atmospheric 
particulate  samples.  Because  of  the  non-linear  nature  of  Mie  calcula- 
tions, the  use  of  a constant  "average"  or  "effective"  value  of  imaginary 
index  for  all  the  particles  in  a size  distribution  does  not  produce  the 
same  result  as  obtained  when  the  actual  individual  values  are  used. 

This  has  been  pointed  out  earlier^.  The  significance  of  this  effect 
must  be  taken  into  account  in  producing  workable  aerosol  computational 
models,  and  part  of  the  work  in  our  laboratory  on  world  wide  parti- 
culate samples  is  aimed  at  accomplishing  this. 


TABLE  III.  RELATIONSHIP  OF  IMAGINARY 
REFRACTIVE  INDEX  TO  PARTICLE  SIZE 


Size  Range 

Imaginary 

Refractive  Index 

in  pm 

0.3  pm 

0. 7 pm 

1 . 06  pm 

1.50  pm 

>11 

.0027 

<.0005 

<.0005 

• .0005 

7-11 

.0055 

< .0005 

• .0005 

• .0005 

4.7-7 

.0063 

■ .0005 

".0005 

.0005 

3. 3-4. 7 

.0068 

<.0005 

<.0005 

• .0005 

2. 1-3. 3 

.0082 

<.0005 

.0005 

■ .0005 

1. 1-2.1 

.0118 

.0020 

.0020 

.0027 

0.65-1  .10 

.0080 

. 0068 

.0068 

.0068 

0.43-0.65 

.0053 

.0060 

.0075 

.0100 

CLOSING  REMARKS 

We  have  briefly  mentioned  some  of  the  available  methods  of  meas- 
uring the  complex  refractive  index  of  atmospheric  particulate  samples 
themselves,  and  of  the  individual  materials  of  which  they  are  composed. 
It  appears  that  adequate  methods  exist  for  measuring  the  imaginary  in- 
dex in  the  0.4  to  11  pm  region,  and  while  the  currently  available  data 
are  not  sufficient,  active  work  is  in  progress  to  correct  the  situation. 
The  real  index,  which  can  be  quite  important  in  the  infrared,  is 
another  story.  Currently  it  can  be  measured  well  only  for  liquids 
(fortunately,  one  of  the  most  important  aerosols  components  is  liquid 
water)  and  solid  materials  that  can  be  obtained  in  large,  clear  non- 
scattering samples.  But  for  an  important  class  of  particles  found  in 
atmospheric  aerosols  no  methods  exist  for  measuring  the  real  refractive 
index.  We  have  indicated  that  this  is  a deficiency  in  current  tech- 
nology, and  have  shown  that  there  is  a resulting  gap  in  the  data  base 
needed  to  adequately  model  infrared  propagation  effects  in  aerosols. 

In  addition  we  have  mentioned  some  of  our  efforts  that  are  intended  to 


remove  these  data  base  deficiencies,  and  provide  an  understanding  of 
the  relationships  between  practical  meteorological  observations  and 
the  limitations  the  corresponding  aerosols  will  impose  on  various 
electro  optical  systems.  This  latter  point  is  in  our  view  the  most 
important  part  of  the  work,  because  we  feel  that  the  real  value  re- 
search in  aerosol  optics  is  to  provide  the  capability  of  inferring  the 
performance  of  a particular  optical  system  in  any  geographically  signi- 
ficant location,  from  routine  meteorological  data. 
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ABSTRACT 

Particulate  size  distributions  measurements  made  during  fog  and  haze 
in  wintertime  in  West  Germany  have  been  used  in  calculations  of  the  par- 
ticulate extinction  at  visible  and  IR  wavelengths.  The  results  show  an 
approximate  1 / ■ dependence  on  wavelength  for  light  haze  (10  kilometer  visi- 
bility) conditions,  but  nearly  neutral  (wavelength  independent)  extinc- 
tion for  heavy  fog  300  meter  visibility)  conditions.  Significant  in- 
creases in  extinction  with  altitude  for  fog  are  evident.  These  results 
also  show  there  exists  rather  simple  relationships  between  particulate 
extinction  and  liquid  water  content,  and  furthermore,  that  particulate 
extinction  in  the  IR  is  related  to  particulate  extinction  in  the  visible, 
for  a variety  of  fog  and  haze  conditions.  However,  these  results  are 
based  on  a relatively  small  data  base,  and  more  measurements  undet  dif- 
ferent meteorological  conditions  and  at  different  locations  are  needed. 
Finally,  preliminary  results  of  similar  measurements  on  desert  aerosols 
at  White  Sands  in  New  Mexico  are  presented.  The  results  suggest  a cor- 
relation of  particle  turbidity  with  relative  humidity. 

INTRODUCTION 

To  assess  the  effects  of  natural  and  artificial  aerosols  on  the  opera- 
tion and  performance  of  electro-optical  systems,  measurements  of  the  size 
distribution  is  needed.  Use  of  1 i ght-scatteri ng  instruments  for  such 
measurements  has  real  advantage:  namely  th  measurement  is  done  in-si tu 
and  in  real  time,  and  the  particles  are  n ( sturbed  appreciably  during 
measurement.  We  have  made  size  distribution  ...easurements  of  fug  and  haze 
particulates  in  Grafenwohr,  West  Germany,  and  desert  dust  in  New  Mexico 
with  a commercial  (Knollenberg)  1 i ght-scatteri ng  particle  counter.  Par- 
ticular attention  has  been  given  to  the  calibration  oi  t h«  instrument; 
the  calibration  advertised  by  the  manufacturer  has  not  been  used."  typ- 
ical results  for  a wide  range  of  atmospheric  visibility  conditions  are 
given  here,  and  to  a first  approximation  it  is  suggested  that  particulatt 
extinction  tor  visible  through  middle-lR  wavelengths  is  rel  ited  to  t hi 
total  aerosol  mass,  at  least  for  continental  fog  and  haze. 


FOG  AND  HAZE  MEASUREMENTS 


Measurements  of  foy  and  haze  particle  size  distributions  made  with  a 
ba) loon-borne  particle  counter  showing  typical  vertical  variability  ob- 
served over  the  first  150  meters  altitude  is  shown  in  Figure  1.  These 
measurements  are  for  conditions  with  visibilities  ranging  from  about  10 
km  for  the  profile  marked  "light  haze"  to  approximately  300  meters  for 
the  profile  marked  "heavy  fog".  The  corresponding  particulate  extinc- 
tion cross  sections  at  0.55,  4,  and  10  micrometer  wavelengths,  predicted 
using  the  size  distributions  shown  in  Figure  1 and  under  the  assumption 
the  particles  are  spherical  water  droplets,  are  shown  in  Figure  2.  The 
inferred  liquid  water  content  is  also  shown.  Aside  from  the  obvious 
large  increases  in  extinction  and  liquid  water  content  with  altitude  for 
the  more  turbid  conditions,  the  following  observations  are  made:  (1) 

For  relatively  clear  conditions  the  extinction  dependence  on  wavelength 
is  roughly  1/A,  but  for  low  visibility  fog  conditions  there  is  nearly 
neutral  (wavelength  independent)  extinction.  (2)  There  is  a definite 
correlation  of  extinction  and  liquid  water  content  for  a broad  range  of 
particle  size  distributions.  To  pursue  the  implications  of  this  correla- 
tion we  have  replotted  the  data  in  Figure  2 along  with  most  of  the  re- 
maining Grafenwohr  data  in  Figure  3.  The  result  is  that  the  extinction 
at  visible  wavelengtns  (the  results  at  1 micrometer  are  about  the  same 
as  the  results  at  0.55  micrometer)  is  approximately  proportional  to  the 
integrated  particulate  cross-sectional  area,  a result  expected  from  geo- 
metrical optics  for  particles  large  compared  to  the  wavelength.  At  4 and 
10  micrometers  wavelength,  the  extinction  is  very  nearly  proportional  to 
the  integrated  particulate  volume. 

We  have  fitted  the  data  in  Figure  3 with  straight  lines  and  have  come 
up  with  the  following  empirical  relationships  between  extinction  and  par- 
ticulate water  content: 


o(l)  190  w-76,  -(4)  380  w1-08,  (10)  130  w1-13  (1) 


Where  j(1),  -(4),  and  '(10)  refer  to  the  particulate  extinction  cross  sec- 
tions at  1,  4,  and  10  microns  in  km'1,  and  w refers  to  particle  water  con- 
tent in  gm/m1.  2 As  a final  remark,  we  note  that  empirical  expressions 
relating  particulate  extinction  at  I,  4,  and  10  microns  can  be  derived 
from  our  results.  For  example,  from  (l)  above  we  get 

o ( 1 0 ) 0 . 053  [ ' ( 1 ) ] 1 ' 49  , (4)  0.22H1)]1'42  (2) 


We  suggest  these  rather  simple  relationships  can  be  used  to  predict  IR 
atmospheric  particulate  extinction  based  on  visible  atmospheric  extinc- 
tion (approximated  here  by  1 micron  wavelength  results)  for  continental 
haze  and  fog.  This  remark  should  be  qualified  by  noting  that  our  results 
are  based  on  a relatively  small  data  base.  More  measurements  at  different 


1 l.s 


locations  and  under  different  meteorological  conditions  to  enlarge  this 
data  base  are  clearly  warranted. 

DESERT  AEROSOL  MEASUREMENTS 

We  have  also  made  measurements  of  desert  aerosols  at  White  Sands  in 
New  Mexico  with  the  light-scattering  particle  counter.  In  this  case, 
since  the  particles  are  known  to  be  irregular  and  of  mixed  composition, 
interpretation  of  the  data,  as  well  as  prediction  of  extinction,  is  less 
straightforward  and  contains  more  uncertainties.  Some  results  of  our 
measurements  are  shown  in  Figure  4.  Plotted  are  the  temporal  variations 
of  aerosol  concentration  (for  particles  with  radii  _>  0.2  micrometer),  an 
aerosol  concentration  ratio  (number  of  particles  with  radiieO.2  microme- 
ter/number of  particles  with  radii  _>  0.3  micrometer),  which  is  a measure 
of  the  size  distribution  of  the  aerosol,  and  the  relative  humidity,  for  a 
3-day  period  in  June,  1976.  The  particle  concentration  tracks  the  rela- 
tive humidity,  suggesting  particle  growth  by  accretion  of  water  for  con- 
ditions when  relative  humidity  is  greater  than  60‘T.  Such  a growth  mech- 
anism would,  of  course,  change  the  aerosol  optical  properties  and  further 
complicate  the  problem  of  predicting  the  radiation  transfer  effects  of 
these  particles.  More  definitive  measurements  and  modeling  of  desert 
aerosols,  addressing  the  problem  of  irregular  particles  and  the  effects 
of  particles  of  mixed  composition  are  needed. 

CONCLUSIONS 

An  ddequate  data  base  of  aerosol  size  distribution  measurements  for 
the  purpose  of  modeling  their  effects  on  radiation  transfer  does  not  yet 
exist.  More  attention  needs  to  be  given  to  instrument  calibration  and  to 
more  definitive  measurements.  Relative  humidity  and  visibility  are  two 
bulk  parameters  of  the  atmosphere  that  appear  to  be  related  to  aerosol 
extinction  from  visible  wavelengths  through  the  middle-IR. 
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Figure  1.  Particulate  size  distribution  measurements  made  with  a tethered 
balloon-borne  aerosol  counter  for  several  haze  and  fog  conditions,  fach 
size  distribution  is  for  a particular  altitude  in  the  correspondi nq  pro- 
file in  Fig.  2,  and  the  altitude  range  or  ranges  are  indicated. 
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Figure  2.  Profiles  of  particulate  extinction  and  water  content  inferred 
from  particle  size  distribution  and  concentration  measurements  (shown  in 
Fig.  1)  made  with  a bal loon-borne  aerosol  counter.  The  Solid  "wu  curve 
indicates  the  liquid  water  content  and  the  solid,  dashed,  and  dotted 
curves  indicate  the  inferred  extinction  at  0.55,  4,  and  10  microns.  The 
date,  local  time  (hours,  minutes,  seconds),  and  time  frame  interval  for 
the  measurements  are  given. 
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Figure  3.  Values  of  the  Mie  theory  calculated  particulate  extinction  at 
1-,  4-,  and  10-micron  wavelengths  vs  particulate  liquid  water  content  for 
a variety  of  particle  size  distributions  of  atmospheric  fog  and  haze  (212 
in  all).  The  probe  range  setting  1 or  4 indicates  the  aerosol  counter 
used  to  make  the  size  distribution  measurements  on  which  this  data  is 
based  was  set  on  two  different  ranges  of  sensitivity. 
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ABSTRACT 

Aerosol  particles  can  be  assumed  to  be  in  equilibrium  with 
their  en.ironment  when  the  ambient  relative  humidity  is  less  than 
100  . Approximation  formulas  expressing  the  equilibrium  size  f 
soluble  and  partly  soluble  particles  as  a function  of  relative 
humidity  are  derived.  These  formulas  are  combined  with  a dry 
aerosol  size  distribution  model  to  compute  the  effect  >t  relative 
humidity  on  visibility  and  particle  size  distribute  >n.  Above 
100  relative  humidity  (i.  e.,  fog)  water  vapor  condenses  prefer- 
entially on  those  aerosol  particles  which  can  exceed  their  crit- 
ical size  at  the  prevailing  supersaturation.  A numerical  model 
which  predicts  the  evolution  of  the  droplet  size  distribution  and 
visibility  in  maritime  advection  fogs  is  described.  Data  collec- 
ted in  fogs  during  a cruise  of  the  USNS  Hayes  were  used  to  test 
the  predictive  ability  of  the  model.  Good  agreement  was  found 
between  the  observed  and  predicted  fo  microphysical  properties. 


1 . INTRODUCTION 

Optical  propagation  in  the  atmosphere  is  affected  by  the  aerosol  load.  Aero- 
sol particles  absorb  and  scatter  light  in  an  amount  which  is  proportional  t their 
number  and  size  (cross-sectional  area).  The  marine  aerosol  size  distribution  is 
primarily  a function  of  relative  humidity,  wind  speed,  atmospheric  stability  and 
air  mass  history.  In  order  to  assess  quantitatively  and  realistically  the  effect 
of  the  propagation  environment  on  the  performance  ol  electroopt ical  systems,  the 
dependence  of  the  aerosol  size  distribution  on  the  above-mentioned  parameters  -ust 
be  known.  This  paper  describes  some  recent  work  on  modelling  the  effect  ol  rela- 
tive humidity  on  aerosol  size  distribution  and  visibility. 


2.  AEROSOL  SIZE  AS  A FUNCTION  OF  RELATIVE  HUMIDITY 

A solid  aerosol  particle  which  is  composed  totally,  or  in  part,  >f  a water- 
soluble  material  will  undergo  a transition  to  a saturated  (or,  in  the  case  of  very 
small  particles,  supersaturated)  solution  droplet  when  some  critical  value  ol  rela- 
tive humidity,  less  than  100  , is  reached.  The  relative  humidity  at  which  this 
transition  > curs  depends  on  the  chemical  composition  and,  to  a lesser  extent,  on 
the  size  >f  the  particle.  Below  the  transition  point,  particles  acquire  small 
amounts  ol  water  by  adsorption  and  show  little  change  in  size  witli  relative  humid- 
ity. At  re!  tive  humidities  above  the  transition  point,  a particle  (or  more  cor- 
rectly, an  aqueous  solution  droplet)  grows  by  the  absorption  of  water  vapor.  Above 
the  transition  point,  the  size  of  an  aerosol  particle  is  quite  sensitive  to  the  am- 
bient relative  humidity. 

2.1.  THEORY 

.lunge  (1952)  introduced  the  concept  of  a mixed  nucleus  to  help  explain  t lie 
observed  response  of  atmospheric  aerosol  particles  to  increases  in  relative  humid- 
ity, let  us  consider  the  simplest  model  ol  a mixed  nucleus.  In  this  model  in  met  >- 
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sol  particle  consists  of  an  insoluble  core  surrounded  by  a shell  o:i  a soluble  com- 
ponent in  the  form  of  a pure  salt.  The  relationship  relative  humidity  ana'  the  e- 
qui librium  size  of  such  a particle,  at  relative  humidities  above  the  phase  transi- 
tion point,  may  be  expressed  (Fitzgerald,  1975) 
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(1) 


where  S is  the  equilibrium  saturation  ratio  (percent  relative  humidity  divided  by 
100);  r is  die  equilibrium  radius  of  the  particle  (solution  droplet);  r^  and 
are  the  radius  and  density  of  the  dry  particle;  M is  the  molecular  weight  of  water; 
M.  is  the  molecular  weight  of  the  soluiile  component;  i is  the  van 1 1 Hoff  factor; 
is  the  specific  tant  oi  water  vapor;  is  the  ••  as-  fi 

terial  in  the  dry  particle  and  1 and  are  th<  c<  ten  ensitj  thi 

aqueous  solution  of  the  salt. 

Junge  (loc.  cit.)  found  good  agree  enl  1 h<  ibser  ed  incri 

midity  of  artificially  produced  mixed  nuclei  consist  in.'  of  a pure  salt  as  the  solu- 
ble component  and  the  theoretical  growth  curves  for  the  same  particles.  Measure- 
ments ny  Winkler  (1973)  have  shown , however,  aerosol  particles  in  continental  air 
■asses  exhibit  more  limited  growth  with  increasing  humidity  than  predicted  by  fa. 

(11  for  the  fraction  of  soluble  material  ..  int  ti  te  t:,e  particles.  Phis  devia- 
tion in  behavior  from  Kq . (1)  is  explained  by  the  fact  that  the  soluble  component 
of  continental  aerosol  particles  is  actually  a mixture  of  different  salts.  Ionic 
interactions  in  a mixed  solution  increase  the  solubility  of  the  various  ions  and 
result  In  a reduction  of  water  vapor  lowering. 

Measurements  by  Meszaros  and  Vissv  (1974)  and  Jaen i eke  et  al . (19/1)  of  the 
size  distribution  and  chemical  composition  of  the  marine  aerosol  indicate  that  scu- 
salt  nuclei  predominate  above  1.0  m radius  (the  so-called  giant  particles).  ~ ea- 
salt  nuclei  were  also  found  to  comprise  a sizeable,  though  variable,  fraction  or 
the  large  (0.1  to  1.0  lius)  particles.  the  growth  curves  (size  vs. 

humidity)  of  sea-salt  nuclei  are  very  nearly  the  same  as  those  i pure  sodium  c lor- 
ide  particles.  The  behavior  of  sodium  chloride  particles  is  described  by  q.  (1). 

ICq . (1)  is  not  a convenient  form  of  the  relationship  between  particle  size  and 
relative  humidity  for  use  in  modelling  the  effect  ol  relative  humidity  on  nor >sol 
size  distribution,  since  particle  size  is  not  iven  as  an  explicit  function  oi  rei- 
at Ive  hum idity , An  accurate  approximation  to  Hq . (1) , in  whicl  the  < uil ibr i 
dius  of  an  aerosol  particle  is  given  as  an  explicit  function  of  the  variables  i'  j. 

S and  • , is  presented  in  the  following  section. 

2,2.  APPROXIMATION  FORMULAS 

Eq.  (I)  was  used  t compute  S as  a function  oi  r,  r , particles 

posed  of  some  common  salts.  A plot  of  r as  a function  or  r^  showed  that  , in  t he 

optically  important  size  range  ol  0.05'  r 5.0  , in,  a nearly  linear  relationship  ex- 

ists between  log.  r and  log  r(  for  S'  0.995.  Phis  suggested  an  approximation  formu- 
la 'f  the  form 


(2) 


where  the  parameters  a and  | are  functions  of  S and  . . 

The  dependence  of  o on  S and  < (for  • -0.1)  may  be  expressed  to  within  5 ac- 
curacy, by 
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where 


1.058, 


OM  S-  0.97 


\ 


0 0155IS  0.971 
y <»8-  , sr,~-  • 0.9*  S-  0 99=. 


and 

k,  10.2  - 23.7S  + 14.5S-1 
ko  ; -0.7  + 15.5S  - 9.2S-  j 

The  value  of  t,  depends  only  on  the  chemical  composition  of  the  soluble  compon- 
ent of  the  particle.  fable  I lists  the  value  of  for  nine  common  electrolytes. 

Of  these,  (NH,  ).,S0,  and  NaCl  are  important  constituents  of  atmospheric  aerosols. 


TABl.K  1 

VALl'K  OK  1 UK  I'ARAMKTKK  f 
FOR  VARIOUS  KLKCTROLVTKS 


El.KCl ROLVTK 

1 

(NH4>2S04 

1 .20 

nh4no3 

1 .27 

N;.N03 

1.40 

nh4o 

1.48 

CaCV  2 

1 .55 

NaBr 

1.58 

NaCV 

1.62 

MflCV  L, 

1 .69 

Lit'v 

1.85 

Fig,  ] shows  „ as  a fund  ion  of  S lor  a part  i.  li  . > sed  e tirely  a an 

sulfate  i 1 ,0)  , i r a partly  soluble  particle  . p ed  of  10  b;  ■ • 1 ■ ' 1 

of  ammonium  sulfate. 

Ihe  value  >f  , is  quite  insensitive  to  both  the  chemical  composition  and  ■ as- 
fraction  of  soluble  material  in  a particle.  The  functional  dependence  ol  i on  S can 
be  described,  to  within  1 accuracy  (provided  • 0.  11,  by 


(I  ( KKI77S 

*’  *X,,\  1 009  S ■ 


S 0 995 


For  the  moment,  let  us  focus  our  attention  on  sodium  chloride  particles  which, 
as  we  have  pointed  an,  describe  the  behavioi  if  sea-salt  nuclei  juiti  dost 
Measurements  have  shown  that  with  increasing  humidity  a s ilium  chloride  crystal  be- 
comes a saturated  solution  droplet  at  a relative  humidity  between  70-  5 . fit1  de- 
creasing humidity,  however,  i sodiu  chloride  solution  droplet  bet  sites  supersatui  i- 
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FIGURE  I.  Parameter  a as  a function  of  saturation 
ratio  Tor  particles  composed  of  two  different  per- 
centages of  ammonium  sulfate. 


ted  and  recrystallizes  at  a relative  humidity  between  15-43  . For  the  specific 
case  of  NaCl  , an  expression  for  « , valid  for  the  entire  range  ol  relative  hu  iditv 
between  40  and  99.57,  is  obtained  by  multiplying  the  right  side  of  Fq . (1)  bv  the 
factor  A which  is  given  by 

( I 0,  S • 0.8 

1 1.16  - 0.2  S,  0.4  N S 0 80. 

Since  the  relative  humidity  in  the  boundary  layer  over  the  ocean  oes  he  low 
40  very  infrequently,  sea  salt  droplets  will  have  little  opportunity  to  crystal- 
lize. Therefore,  sea-salt  nuclei  can  be  assumed  to  exist  as  solution  droplets  be- 
tween 40  and  75  relative  humidity. 

2.1.  EFFECT  OF  RELATIVE  HUMIDITY  ON  AEROSOL  SIZE  DISTRIBUTION  AND  VISIBII  ITY 

The  formulas  derived  above  can  be  applied  to  investigate  the  effect  of  rela- 
tive humidity  on  the  size  distribution  of  a chemically  homogeneous  aerosol.  It  is 
well  established  that  in  the  range  0.1  r,  3.0  m,  the  size  distribution  oi  nat- 
ural aerosols  can  he  represented  by  a power  law  oi  the  l >rm  ( lunge,  I96  0 


where  N is  the  number  of  particles  per  unit  volume  w i . h have  a radius  r,.  The 
value  of  typically  is  between  .'.5  and  '.3. 

For  a chemically  homogeneous  aerosol,  i r-t  - me  ori espondence  exists  be- 

lj),  r and  i bein  related  bv  1 q , i.’l. 


I 


tween  r and  r,.  This  means  that  Nir)  ■ Ni 
From  Kqs.  (2)  and  151  we  obtain 

■in  _c 

<lr  2 a 
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Kq . C f>)  , in  conjunction  with  Kqs . (3)  and  (4),  describes,  in  an  approximate  '.manner, 
the  effect  of  relative  humidity  on  the  size  dist ribut ion  of  an  aeros >1  of  uniform 
composition.  Kq . (6)  shows  that  the  slope  of  the  size  distribution  will  decrease 
from  to  0.94.  , as  the  relative  humidity  increases  from  80  to  99  . 

To  illustrate  the  use  of  Kq . (6)  to  compute  the  effect  oi  relative  humidity 
on  visibility,  we  consider  an  aerosol  composed  of  solution  droplets  of  sodium  chlor- 
ide (which  describes  the  behavior  of  a sea-salt  aerosol).  Measurements  have  shown 
that  the  refractive  index,  m,  of  sodium  chloride  solution  droplets  for  visible 
light  is  essentially  the  same  as  that  of  water.  Accordin.lv,  for  the  refrative  i - 
dex  of  NaCI  solution  droplets  we  took  the  value  m = 1.33  - O.Oi.  Since  there  is  no 
absorption,  the  extinction  coefficient  of  the  aerosol  population  is  equal  to  the 
scattering  coefficient,  ks.  Visibility,  therefore,  is  equal  to  3.91/kg.  For  an 
aerosol  having  a size  distribution  given  by  Kq . (6),  !<_.  may  be  written 


h 


where  Q is  the  scattering  efficiency  factor  and  is  computed  from  Mie  scattering 
theory. 

Kq . (7)  was  used  to  compute  visibility  as  a function  ol  relative  humidity  for 
an  aerosol  composed  of  NaCI  solution  droplets.  The  parameter  C was  taken  to  be  0.  -. 
For  we  assumed  a value  of  3.  We  considered  only  the  contribution  to  k oi  droplets 
which  had  a dry  radius  in  the  range  0.05  to  2.5  .m.  Results  of  the  commutations 
are  shown  in  Fig.  2. 


FIGURK  2.  Visibility  as  a function  of  relative 
humidity,  assuming  an  aerosol  oi  sodium  chloride 
solution  droplets. 


Fie.  2 shows  that  in  the  < isi  totally  soluble  NaCI  particles  («  = 1.0),  the 
visibil  ity  can  be  expected  to  < rease  by  a ictoi  I iboul  th<  u- 

midity  increases  from  50  to  100  . The  dashed  curve,  foi  th<  case  ol  parti,  les 
composed  of  50"  sodium  chloride  and  .0'  ol  an  insoluble  component,  was  induce. i to 
show  the  effect  oi  reduced  particle  rowth  with  humid!  l due  to  tv.  presen.  . •! 
soluble  material.  In  t is  . ise,  : e crude  issumptl  h was  made  that  th<  It  re- 
fraction ol  solution  droplets  c.mt  a i n i og  an  insduble  ore,  was  t'e  s o ,s  t . ■ : q 

totally  liquid  salt  solution  droplets. 
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i.  MARINI:  FOC  VISIBILITY  MOD  HI. 


When  the  relative  humidity  in  the  atmosphere  exceeds  100  , water  vapor  conden- 
ses preferentially  on  certain  aerosol  particles,  referred  to  as  cloud  condensation 
nuclei  (CCN) . These  are  particles  which,  hy  virtue  of  their  composition,  size  and 
other  properties,  have  a critical  saturation  ratio  less  than  the  saturation  ratio 
attained  in  fogs  and  clouds.  The  critical  saturation  ratio  of  a particle  is  the 
maximum  value  of  the  equilibrium  saturation  ratio  exhibited  by  the  Kohler  curve 
|a  plot  of  Eq . (1)  giving  equilibrium  saturation  ratio  vs.  size  1 of  the  particle. 
Particles  whose  critical  saturation  ratio  is  exceeded  by  atmospheric  conditions  can 
experience  unlimited  growth  and  are  no  longer  in  stable  equilibrium  with  the  ambi- 
ent humidity.  These  particles  are  said  to  be  activated. 

Visibility  in  fog  will  depend  on:  1)  the  supersaturation  spectrum  ol  CCN 

(i.  e.,  the  number  of  particles  per  unit  volume  which  have  critical  saturation  ra- 
tios less  than  or  equal  to  a given  value)  characterizing  an  air  mass,  3)  the  rate 
at  which  moisture  is  made  available  for  condensation  and  i)  the  length  of  tire 
droplet  growth  has  proceeded. 

A one-dimensional,  numerical  model  of  the  evolution  of  droplet  size  distribu- 
tion and  visibility  during  the  early  stage  of  formation  of  maritime  advection  fogs 
has  been  developed.  This  model  computes  the  growth,  by  condensation,  of  a popula- 
tion of  cloud  condensation  nuclei  contained  in  a parcel  which  is  advected  with  the 
wind.  The  driving  force  for  fog  formation  is  a prescribed  time  rate  of  increase  in 
the  saturation  ratio  of  the  parcel  in  the  absence  of  condensation.  This  humidity 
increase  is  viewed  as  resulting  from  infrared  radiative  cooling  and  from  turbulent 
exchange  of  heat  and  moisture  with  the  sea  surface. 

3.1.  MODEL  FORMULATION 

The  model  is  formulated  by  equations  describing  the  time  rate  of  change  of  sa- 
turation ratio  and  temperature  of  the  parcel,  by  an  equation  for  the  time  rate  ol 
change  in  water  vapor  mixing  ratio  due  to  condensation  and  by  a droplet  growth  equa- 
tion  for  each  size  class  of  condensation  nucleus.  These  are: 


- 

{e,  \dt ) 


L2M. dx  \ 

l ♦ xi'p,  ♦ IVdl  • 


dT  _ K*T-  I,(dx/dtf 

dt  LM.  c,„i  ♦ xr„„  * wr. 
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In  these  equations  S is  the  saturation  ratio  of  the  ambient  air;  t is  time;  I*  is 
atmospheric  pressure;  t is  the  ratio  ot  the  specif  ii  .ms  constant  u drv  air  to 
that  of  water  vapor;  e,  is  the  saturation  vapor  pressure  over  a plane  surface  ot 
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pure  water;  L is  the  latent  heat  of  condensation;  (dx/dt) 1 is  the  time  rate  of 
change  of  water  vapor  mixing  ratio  due  to  condensation;  w is  liquid  water  mixing 
ratio;  R*  is  the  ideal  gas  constant;  c , , c and  c are  the  specific  heats  at  con- 
stant pressure  of  dry  air,  water  vapor'and  lYquid  water,  respectively;  is  the 
density  of  water  and  n(r)  is  the  droplet  size  distribution  function  (droplets  per 
gram  of  air  per  unit  size  interval). 


In  Eq . (11),  Bexp(a/r)  is  given  by  the  right-hand  side  of  Eq . (1)  and  D'  and 
K'  are  so-called  modified  vapor  diffusion  and  heat  conduction  coefficients,  respec- 
tively. These  coefficients  allow  for  the  transition  from  a kinetic  theory  growth 
regime  valid  for  droplets  which  are  small  compared  to  the  mean  free  path  of  water 
molecules  in  air  to  a purely  diffusional  growth  regime  valid  for  larger  droplets. 
Defining  equations  for  D'  and  K'  are  given  by  Fitzgerald  (1974). 

The  first  term,*/,  on  the  right  in  Eq . (8)  is  the  driving  force  for  fog  forma- 
tion and  is  the  rate  at  which  the  saturation  ratio  of  the  advecting  parcel  increases 
due  to  external  influences  such  as  infrared  radiative  cooling  and  diffusive  cooling 
to  the  sea  surface.  The  second  term  on  the  right  in  (8)  represents  the  contribution 
to  dS/dt  due  to  the  depletion  of  water  vapor  by  the  growing  droplets.  The  third 
term  in  Eq . (8)  expresses  the  effect  of  the  release  of  latent  heat.  In  Eq . (9), 
the  first  term  on  the  right  is  the  rate  at  which  the  tempera  iui‘e  would  have  to  de- 
crease to  produce  a value  of  dS/dt  equal  t the  second  term  is  the  rate  of  warm- 
ing due  to  latent  heat  release. 

The  set  of  differential  equations  consisting  oi  Eqs.  (8),  (9)  and  (101  the  in- 
tegral in  (10)  being  replaced  by  a summation  over  a discrete  droplet  population  and 
a droplet  growth  equation  for  each  size  class  of  nucleus  (droplet)  is  integrated  nu- 
merically using  the  standard  fourth-order  Runge-Kutta  scheme.  The  principal  inputs 
to  the  model  are  a prescribed  value  of  A and  the  supersaturation  spectrum  of  cloud 
condensation  nuclei  of  the  air  mass  in  which  fog  forms. 


3.2.  MODEL  VERIFICATION 

Observations  made  inside  and  outside  several  advection  fogs  during  a cruise  -I 
the  USNS  Hayes  off  the  coast  of  Nova  Scotia  in  August  1975,  were  used  to  test  the 
predictive  ability  of  the  model.  Ihe  model  was  used  to  predict  the  evolution  «'t 
visibility  and  droplet  size  distribution,  at  an  altitude  of  20  m,  in  the  first  30  kn 
downwind  of  the  forming  edge  of  these  fogs.  The  values  01  used  in  these  compuia- 
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tions  were  the  measured  rates  of  increase  in  (.lie  relative  humidity  of  the  adverting 
air  mass  as  the  fog  boundary  was  approached. 

figures  1 and  4 show  comparisons  of  measured  and  model-predicted  visibilities 
for  two  fogs.  Visibility  was  measured  with  an  EC&C  Forward  Scatter  Meter  (used  by 
Calspan  Corp.)  and  with  an  MKI  Fog  Visiometer  (used  by  the  Naval  Research  labora- 
tory) . Visibility  predictions  I and  li  were  obtained  using  two  different  estimates 
of  the  supersaturation  spectrum  of  CCN  of  the  air  at  the  time  ot  log  formation.  It 
is  seen  that  the  model  predicted  the  visibility  in  these  fogs  with  success.  Both 
the  predicted  magnitude  and  time  scale  of  the  decrease  in  visibility  as  fog  is  en- 
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countered  are  in  good  agreement  with  observations.  Measured  and  predicted  visibil- 
ities agree  to  within  a factor  of  two  in  fog. 

Figures  5 and  6 are  a comparison  of  measured  and  predicted  droplet  size  distri- 
butions in  the  two  fogs.  Plotted  is  the  droplet  number  density  per  micron  diameter 
as  a function  of  droplec  size.  The  droplet  measurements  of  the  Naval  Research  Lab- 
oratory (NRL)  were  obtained  with  an  Axially  Scattering  Spectrometer  Probe,  manufac- 
tured by  Particle  Measuring  Systems,  Inc.  Calspan  Corporation  employed  an  impactor. 
This  particular  instrument  is  quite  reliable  for  droplets  larger  than  4 ,-m  diameter. 

The  model-predicted  size  distributions  are  bimodal.  The  bimodality  results 
from  the  activation  of  only  a portion  of  the  nucleus  population.  Figures  5 and  6 
show  that  the  predicted  distribution  of  activated  droplets  is  in  good  agreement 
with  the  impactor  data.  It  is  also  seen  that  the  model  was  able  to  predict  the 
high  number  density  of  small!  3.0  t-m  diameter)  droplets  detected  with  the  scatter- 
ing probe.  The  small  droplets  were  "invisible"  to  the  impactor. 


10' 


fS?\ 

— f r 1 r T T 1 T~  T ’ 3 

o PREDICTED 

i 

. r X 1 

o MEASURED  INRl  ASP) 

* MEASURED  (CAlSPAM 

! 

\!  \ 

tl 

• 

VT7% 

A ° V V 

r \\ 

1 W : 

l 

/ 

1 4 AUGUST  1975 

1 . ^ e ^ 

I 0712  EOT 

LL J 

FIGURE  6.  Comparison  of  observed  and  predicted 
droplet  size  distributions  at  a point  25  km  dowr 
wind  of  the  forming  edge  of  the  fog  of  4 August 
1975. 


RFFERENCES 


Fitzgerald,  J.  W. , 1974:  Effect  of  aerosol  composition  on  cloud  droplet  size  dis- 
tribution: A numerical  study.  .) . Atmos  , sc  i . . 3 1 . 1158-1  16/. 

Fitzgerald,  .1.  W.  , 1975:  Approximation  formulas  for  the  equilibrium  size  of  an 

aerosol  particle  as  a function  of  its  dry  size  and  composition  and  the  ambient 
relative  humidity.  J.  Appl.  Meteor..  14 , 1044-1049. 

Jaenicke,  R.,  C.  Junge,  and  H.  .1.  Ranter,  1972  : Messungen  der  Aerosol  gross  enver- 

teilung  uber  den  Atlantik.  Meteor  Forschungsergebnisse,  Keihe  b.  Nr.  , Verlav 
Borntrager,  Berlin,  pp.  1-54. 

Junge.  C.  . 1952:  Die  [Constitution  des  atmosphar  ischen  Aerosols.  Ann.  Meteor..  5, 

1-55. 

Junge,  1961:  Air  Chemistry  and  Radioactivity.  Academic  1’ress,  1H1  pp. 

Meszaros,  A.,  and  K.  Vissy,  1974:  Concentration,  size  distribution  and  chemical 

nature  of  atmospheric  aerosol  particles  in  remote  oceanic  areas . Aerosol  ci., 
5,  101-109. 


I 

i 


1<.  , 


UNCLASSIFIED 


j 


9 


UNCLASSIFIED 


'..'inkier,  P.  , 197  i:  The  growth  of  atmospheric  aerosol  particles  is  .1  l nicti  >:i  ,n 
relative  humidity.  II.  An  improved  concept  of  - i xed  nuclei.  Ac:  -sol  ci 
17  1-  IS  . ’ 


....This  papc r is  J 

FOG  CLIMATOLOGY  IN  CENTRAL  EUROPE  AND 
INFERRED  PROPAGATION  CHARACTERISTICS 

by 

Dr.  0.  M.  Essenwanger  and  Dr.  D.  A.  Stewart 
US  Army  Missile  Research,  Development  and 
Engineering  Laboratory 
US  Army  Missile  Command 
Redstone  Arsenal,  Alabama  1 AO 9 

ABSTRACT 

Fog  is  one  of  the  major  obstai les  i infrar.  1 
meter  wave  propagation.  Unfortunately,  , t t > 

relating  electro-optical  prop. i.  it  L'  la  t •.  r i • > i 
observations  have  not  been  made  sv  a em  it  i il 
viewpoint  of  climatology. 

Visibility  is  rout  inely  ebserv.  t . t 
classification  of  fog  into  various  it  i i i.  • 

present  investigation  will  attempt  su  I I • i,  ti 

ground  material,  some  factors  of  cti.  r 
on  visibility  in  Central  Europe  it.  : n 
diurnal  variability  and  duration  ■ t • i. 
categories  on  the  basis  ot  object  iv>  . titeii  i nit  e 
analysis  of  large  data  collectives. 

This  climatological  studv.  i lthougli  a lira  r.  , 
cient  to  describe  propagation  . Iiarae  t e r i st  i in  tin  i • t n. 
submillimeter  wavelength  rev  ions  b.  . an ...  pi  .pa  it  i i ■ . 1 n.  . 

upon  liquid  water  content  and  drop-si  < d i st  r i but  ion  win  h u.  r t 

available  in  standard  meteorologieal  data.  The  data  are  limited 
even  when  the  presently  available  measurements  in  various  part  ••! 
the  world  are  considered.  Therefore,  it  is  necessary  to  tali  < t h 
existing  set  of  measurements  and  class!  fv  it  .accord  iny  t o tin  t vpe 
of  fog  which  is  probably  represented.  This  c > assi fieat ion  will  hi 
used  to  determine  propagation  character! st ii  s fi'r  the  different 
types  of  fog.  Then  we  will  refer  hack  to  the  e l imat o 1 ogi e a 1 data  to 
determine  temperature,  pressure,  and  water  vapor  nntent  usual  1 v 
associated  with  it.  These  parameters  are  needed  to  determine  t hi 
clear  air  contribution  to  attenuation  of  the  e 1 ec t romagnet i i energy. 

Finally,  expected  climatological  variations  ot  attenuation 
char  ac  t er  i st  f cs  of  infrared  and  stibmi  1 1 i met  er  energy  will  he 
il  i scussed . 
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INTRODUCTION. 


It  is  generally  agreed  upon  that  the  electro-optical  propa- 
gation characteristics  are  affected  by  the  moisture  content  of 
the  atmosphere  and  aerosols.  Although  impedance  by  non-aqueous 
aerosols  is  an  important  contribution,  it  is  not  the  special  topic 
of  this  discussion.  Consequently,  only  the  atmospheric  moisture 
and  its  classification  for  visibility  < 1 km  will  be  examined 

for  the  Central  European  area. 

It  is  common  knowledge  that  visibility,  if  determined  by  an 
observer,  is  not  a very  precise  meteorological  characteristic.  The 
visual  range  depends  not  only  on  the  obscuration  by  water  vapor, 
haze,  or  dust,  but  also  on  luminance  and  contrast  of  an  object. 

Thus,  the  visibility  as  reported  in  the  synoptic  code,  unless 
measured  by  instrumentation,  must  be  considered  as  an  atmospheric 
element  of  limited  precision.  Nonetheless,  even  coarse  measure- 
ments have  statistical  properties,  and  deficiencies  of  the  indi- 
vidual observations  can  be  at  least  partially  overcome  by  statis- 
tical analysis. 

The  importance  of  low  visibility  for  electro-optical  prop- 
agation cannot  be  overemphasized.  These  conditions  are  predictable 
(see  e.g.  Biberman,  1976,  Essenwanger,  1973a),  a fact  which  could  be 
exploited  in  tactical  situations  to  the  disadvantage  of  electro- 
optical  systems.  Consequently,  the  evaluation  of  the  electro- 
optical  systems  with  reference  to  atmospheric  effects  must  include 
proper  consideration  of  these  atmospheric  conditions. 

The  customary  tabulations  of  climatic  elements  include  fre- 
quency of  occurrence  of  visibility,  and  it  should  not  be  too  diffi- 
cult to  obtain  this  information  on  visibility.  Lesser  known  is  the 
duration  of  events  below  a certain  threshold,  e.g.  visibility  1 km 
which  is  customarily  called  fog  in  meteorological  terminology. 
Although  tlie  classes  of  fog  are  known  from  a theoretical  point  of 
view  (e.g.  radiation,  advection,  frontal,  etc.),  statistical  informa- 
tion is  scarcely  available  in  the  literature,  and  one  can  find  state- 
ments like:  "Fog  in  Central  Europe  is  mostly  of  the  radiative  type" 

without  statistical  proof. 

The  authors  have  attempted  to  shed  some  light  on  this  problem 
ami  assess  the  impact  of  their  findings  on  electro-optical  systems. 
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II.  FREQUENCY  AND  DURATION  OF  LOW  VISIBILITY  IN  CENTRAL  EUROPE. 


Although  the  frequency  of  occurrence  of  visibility  is 
documented  in  various  published  and  unpublished  tabulations  (e.g. 
Essenwanger,  1973a,  b or  Guss,  1959,  etc.)  it  may  be  worthwhile 
to  emphasize  a few  facts.  Table  I is  included  to  stress  the 
diurnal,  seasonal,  and  orographic  variability  of  events  with 
visibility  < 1 km.  As  expected,  frequencies  are  higher  in  winter 
and  much  lower  in  summer.  Furthermore,  fog  peaks  at  sunrise,  which 
is  illustrated  by  the  shift  of  the  maximum  to  later  hours  (09  GMT) 
from  summer  to  winter  for  most  of  the  stations.  The  variability 
among  stations  displays  the  important  role  of  the  local  orography. 
Thus,  averaging  as  is  customary  in  many  climatological  studies  does 
no  justice  to  proper  evaluation  of  electro-optical  systems.  This 
fact  has  been  stressed  by  Biberman  (1976)  too.  The  stations  and 
period  of  record  are  the  same  as  utilized  by  Essenwanger  in  an 
earlier  study  (1973b). 

Although  the  contrast  between  fog  occurrence  in  summer  and 
winter  is  well  known,  the  high  rate  of  occurrence  during  the  fall 
season  at  many  stations  in  Central  Europe  is  often  overlooked 
(see  Table  II).  Fluctuations  of  fog  frequency  from  year  to  year 
are  common,  and  a short  record  of  one  year  must  therefore  be 
examined  very  carefully  as  to  its  typical  standing  within  a longer 
series  of  data. 

The  climatological  background  may  be  completed  with  a survey 
of  maximum  duration  in  hours  and  days  (Table  III).  It  is  relatively 
easy  to  establish  the  consecutive  number  of  hours  for  the  duration 
of  fog.  The  problem  of  counting  the  consecutive  days  is  rendered 
more  difficult  because  of  the  question  whether  fog  originating  in 
the  evening  and  lasting  until  the  next  morning  should  be  counted 
as  two  days  with  fog.  Under  such  a system  a fog  of  3b  hours  dura- 
tion generated  at  11  p.m.  could  emerge  as  3 days  with  log.  if  t hi 
counting  system  were  not  changed.  One  solution  would  hi  the  det- 
in it  ion  of  a dav  from  6 p.m.  to  6 p.m.  the  next  dav  because  tog 
origination  is  at  its  lowest  point  at  6 p.m.  (see  Essenwam'er , 

1973a).  This  division  resolves  the  problem  of  the  given  ixanpW  it 
will  lead  to  others.  A simple  alternative  has  been  employed  lure. 

The  fog  was  classified  by  its  initial  hour.  lu 
subsequent  dav  was  counted  into  the  fog  category  when  to  we  ! i rv. 

at  the  same  hour  the  next  day.  l'hus,  Tal  ie  II  Ih  displays  tin  r i ■-  i m 
number  of  days  where  fog  occurred  on  consecutive  (.lays  foi  tin  c ■< 

hour  of  the  day.  Although  this  formulation  may  net  satisfy  ill 
problems,  it  permits  evaluation  of  the  predictability  and  i >■  a 1 i i 
limitations  of  electro-optical  systems. 
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ill.  RADIATION  AND  NON-RADIATION  FOG. 

It  is  usually  assumed  that  radiation  fog  has  a lower  liquid 
water  . ontent  and  smaller  droplets  than  other  types  o f fop. 
i is'  lentlv,  radiation  fog  generates  less  impedance  on  elect  ro- 
: i i il  systems  than  other  types  of  fog.  Because  information  on 
this  tv.u  of  foe  is  not  given  in  the  synoptic  code,  no  simple 
statistical  unalvsis  .an  he  performed.  Thus,  conclusions  about 
tin  t vpes  ’ t.  ire  i ust  oinuri  I v made  on  the  basis  of  general 
motiiifolo  i 1 1 > i.ki'i.nnd.  K.g.,  if  is  assumed  that  fog  in  coastal 
areas  compel  . . pi  • • .ill-,  idve  tion  foe  end  mixture  of  iii  misses 
while  fog  In  runt  invit  a 1 are  is  is  p ••cdomiu.mt  1 v of  the  radial  i >n  type 
For  t ho  evaluation  or  tlectro-optii.il  svstoms  tin  impact  ot  t hi  c con 
elusions  is  significant.  The  mthors  have  attempted  therefore  t 
elucidate  some  facts  and  e can  i rn  the  a ue  •- 1 i on  wlc.  t h.  ■ r t c ' I s t i . ' in- 
formation and  c lass!  fit  .it  ion  of  t m • . • • c • . • . • . . 

met  hods . 
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The  authors'  inference  of  the  two  groups  is  found  in  the  last 
two  columns  of  Table  IV.  Although  the  percentages  for  the  two 
stations  diverge  somewhat  in  3 seasons,  surprisingly  the  winter 
provides  about  the  same  percentages  split.  If  tltese  tentative 
results  hold  up  in  a subsequent  and  more  thorough  and  sophisti- 
cated analysis,  fog  in  wintertime  in  Central  Europe  may  not  be 
mostly  of  the  radiative  type.  Even  a considerable  reduction  of 
the  non-rad iat i ve  group  would  leave  a sizable  fraction  of  the  non- 
radiative  type.  The  consequences  for  electro-optical  systems,  if 
these  tentative  conclusions  can  be  confirmed  are  obvious. 

IV.  Mie  Calculations. 

We  at  Physical  Sciences  Directorate  (MICOM)  are  primarily 
interested  in  atmospheric  propagation  of  infrared  and  submilli- 
meter waves  through  fog  in  Europe,  but  there  is  a severe  shortage 
of  the  needed  measurements.  Our  special  goal  is  to  relate  infra- 
red and  submillimeter  propagation  characteristics  to  standard 
meteorological  measurements,  but  the  systematic  atmospheric  measure- 
ments to  develop  such  relationships  are  unavailable  at  the  present. 
Therefore,  it  was  decided  to  make  theoretical  computations  and  use 
these  for  estimating  the  atmospheric  attenuation. 

Space  limitations  for  this  report  do  not  permit  discussion 
of  the  Mie  theory  which  was  used  for  the  computations.  The  theory 
is  discussed  extensively  by  Kerker  (1969)  in  Chapter  3,  and  additional 
useful  information  on  Bessel  functions  is  found  in  Weeks  (1904)  on 
pages  533-538.  The  accuracy  of  our  computational  procedure  was 
checked  by  making  test  calculations  for  comparison  with  tables  of 
normalized  efficiency  factors  published  by  the  l' . S.  Bureau  of 
Standards  (1949)  and  Irvine  and  Pollack  (1968). 

The  necessarv  amount  of  computation  depends  upon  the  ratio 
of  particle  radius  to  wavelength  of  e lee t romagne t i e radiation,  and 
computation  time  is  much  longer  for  visible  wavelengths  than  for 
longer  wavelengths.  Therefore,  it  was  assumed  that  scattering  is 
the  only  source  of  attenuation  at  visible  wavelength  and  that  tin- 
index  of  refraction  of  water  is  1.33.  These  assumptions  permitted 
the  use  of  normalized  scattering,  efficiency  factors  given  in 
Appendix  .1  of  McCartney  (1976  ) taken  from  Penndorl  (I<,rt7). 

The  complex  index  of  refraction  of  liquid  water  at  10.5  ,,m 
in  the  infrared  was  taken  to  he  1 . 1 85  - 0. 0662i  after  Hale  and 
Querrv  (1973). 

The  complex  index  of  refraction  at  1750  pm  was  taken  It'  he 
2.61-  | . 1407 i after  Davies  et  al.  ( 19  70).  This  was  in  reasonable 
agreement  with  values  which  could  he  interpolated  from  tables  in 
Rozenberg  (1974). 
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Fog  drop-size  distributions  were  obtained  from  Garland  (1971), 
Eldridge  (1966),  and  Pederson  and  Todsen  (1960),  and  results  of  the 
computations  of  attenuation  are  shown  in  Figs.  1 and  2.  One  sees 
immediately  that  there  is  a great  deal  of  scatter  in  the  data. 

This  result  is  consistent  with  measurements  made  bv  Bisyarin  et  al. 
(1971)  at  10.6  urn  in  real  fogs.  Richer  (1970)  found  appreciable 
changes  of  propagation  at  140  GHz  (2143  pm)  within  one  fog  during 
a time  when  no  apparent  visibility  changes  occurred.  One  should 
not  assume  that  the  attenuations  in  Fig.  2 for  1250  pm  are  the  total 
attenuations  in  a real  fog.  Attenuation  by  water  vapor  is  signifi- 
[ cant  at  this  wavelength  and  would  have  to  be  added. 

V.  INFERENCES  ABOUT  EUROPEAN  FOGS. 

Using  the  above  computations  and  climatological  data,  one  can 
infer  attenuation  characteristics  of  fogs  in  Europe. 

From  the  data  in  Figs.  1 and  2 we  estimated  attenuation  in 
radiation  and  non-radiation  fogs.  Attenuation  in  non-radiation 
fogs  was  calculated  from  the  four  fogs  labeled  advection  in  the 
figures.  The  unknown  fogs  had  drop-size  distributions  which  would 
be  expected  in  radiation  fogs,  and  all  were  included  in  the  estimation 
of  attenuation  in  radiation  fogs.  The  mean  10.5  pm  attenuation  was 
37  per  cent  of  visible  attenuation  in  radiation  fogs,  and  78  per  cent 
of  visible  attenuation  in  non-radiation  fogs.  This  is  not  incon- 
sistent with  Bisyarin  et  al.  (1971)  who  found  that  the  mean  ratio  of 
attenuation  at  10.6  am  to  attenuation  at  0.63  pm  was  0.38  for  several 
real  fogs  and  0.43  for  laboratory  fogs.  They  indicated  that  about 
fifteen  per  cent  of  their  ratios  were  less  than  0.20  and  about  fifteen 
per  cent  were  greater  than  0.60  in  the  real  fogs.  Our  estimate  that 
10.5  pm  attenuation  is  expected  to  be  78  per  cent  of  the  visible 
attenuation  in  advection  fogs  is  much  higher  than  any  estimates  by 
Johnston  and  Burch  (1967),  but  their  work  was  mainly  concerned  with 
laboratory  fogs.  At  1250  pm  the  attenuation  by  fog  droplets  is  2.00 
per  cent  of  the  visible  attenuation  in  non- rad i at i on  togs  and  0.78 
per  cent  of  visible  attenuation  in  radiation  fogs.  Table  V shows  the 
expected  mean  attenuations  at  three  different  visibilities.  Past  ex- 
perience with  German  fogs  indicates  that  a visibility  less  than  400 
meters  occurs  about  40  per  cent  of  the  time,  and  a visibility  less 
than  200  miters  occurs  in  about  20  per  cent  of  the  fog.  cases. 

At  1250  pm  one  must  also  consider  attenuation  by  water  vapor, 
and  we  used  the  model  developed  by  Webster  (1971).  Table  VI  shows 
the  mean  seasonal  attenuation  of  each  type  of  fog  bv  water  vap.  i . 'In 
third  column  contains  the  weighted  mean  water  vapor  .ittenu.it  ions  based 
on  the  mean  of  the  per  cent  durations  obtained  for  Frankfurt  ind 
Grafenwoehr  in  the  last  two  columns  of  Table  IV. 
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FIGURE  1.  ATTENUATION  OF  FOG  DROPLETS  AT  10.5  MICROMETERS 

AS  A FUNCTION  OF  VISIBILITY. 
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FIGURE  2.  ATTENUATION  OF  FOG  DROPLETS  AT  1250  MICROMETERS 
AS  A FUNCTION  OF  VISIBILITY. 
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TABLE  V.  EXPECTED  MIAN  ATTENUATION  BY  FOG 
DROPLETS  (dB/km)  . 

VISIBILITY 


1000  m 

400  m 

200  m 

VISIBLE 

10.99 

42.77 

84 . 95 

10.5  pm,  RADIATION  FOG 

0.29 

15.82 

51.43 

10.5  pm,  ADVECTION  FOG 

13.25 

35. 50 

66.26 

1250  pm,  RADIATION  FOG 

0. 13 

i 0.33 

0 . 06 

1250  pm,  /ADVECTION  FOG 

0. 54 

0.86 

1.70 

TABLE  VI.  MEAN  SEASONAL  ATTENUATION  OF  1250  um 
BY  WATER  VAPOR  I N FOGS  (dB/km). 


SEASON 

NON  - 

RADIATION 

RADIATION 

WEIGHTED 
MI  AN 

DEC  FEB 

2.19 

1.79 

2.04 

MAR -MAY 

2.54 

2.42 

2.4" 

JUN-AUC 

3.94 

3.72 

5 . 8 3 

SEP -NOV 

3.23 

2.98 

3 . 0 9 

Finally,  Tab  1 e VI  1 gives  the  over. ill  mean  attenuations  expert  oil 
in  fogs  in  K.urope  based  on  data  from  Frankfurt  and  Ora t enweehr . No 
attempt  was  made  to  consider  variations  of  water  vapor  as  a function 
of  visibilitv  because  the  data  have  not  vet  been  analvzed  this  wav. 
All  results  must  be  considered  tentative  because  of  the  limited  data. 
We  plan  to  analyze  data  from  more  stations  and  from  more  drop-si/, 
distributions  in  the  near  luture.  However,  we  tool  that  it  is  ■ it> 
to  conclude  that^^O.d  pm  ittenuation  will  normal lv  be  mu.  h 
t h.  in  12r>0  am  attenuation  in  European  fogs. 
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TABU!  VI!.  ESTIMATED  MEAN  ATTENUATION  IN 
FOG  (dB/km)  AS  A FUNCTION  OF 
VISIBILITY. 


\ I SI BILITY 


DEC-FEB 

10.5  p m 
1250  p m 


1000m 

10.64 

2 . 30 


4 0 0m 

2d  . 7 8 
2 . 70 


200m 

5 3.2  0 
3 . 55 


MAR- MAY 

10.5  pm 
1250  pm 


9.46  23.80  47.28 

2.70  3.04  3.00 


JUN-AUG 

10.5  pm 
1250  pm 


9.00  22.60  45.01 

4.04  4.37  4.90 


SEP- NOV 

10.5  pm 
1250  pm 


9.35  23.54  40.70 

3.31  5.05  4.21 


VI  CONCLUSIONS. 

Our  tentative  e l ass i f i eat  ion  of  tog  has  shown  that  probably 
inure  non- rad i at  ion  type  of  lop  exists  in  Central  Europe  than  eomnionlv 
anticipated.  We  shall  attempt  to  follow  up  our  studv  with  a more 
thorough  and  sophisticated  analysis. 

Attenuations  and  scattering  efficiencies  were  calculated  lot 
10.  5 pin  and  1 .’  >0  pm  for  radiation  and  non- tad  i at  i on  tvpe  of  fog. 
Although  our  results  are  tentative,  the',  show  that  attenuation  would 
be  much  higher  at  10.  > , in  than  at  1250  . m in  Central  European  logs. 

We  shall  expand  our  studies,  however,  bv  ineluding  additional  data  for 
Central  European  fogs  after  the  more  soph  i st  i eat  ed  analysis  til  I in 
Central  Europe  has  been  eompl<  ’ ed . 
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ABSTRACT 


Fire  control  systems  must  contend  with  maintaining  target 
visibility  during  firing.  In  addition,  sophisticated  future  tin 
control  systems  have  been  proposed  which  provide  an  optical  guid- 
ance link  to  the  projectile,  or  track  a fired  projectile  along.  it‘ 
trajectory  and  sense  the  miss  distance  at  the  target  for  automat  ic 
correction.  To  be  successful,  these  systei  must  bt  abl<  to  opt 
tally  track  the  projectile  during  the  first  few  seconds  allot  tiring, 
during  which  time  the  transparency  of  the  atmosphere  near  tlu  turzh 
is  verj  seriousl;  degraded  I".1  gun  gases,  gun  smokt  , 
created  from  the  ground  bv  muzzle  blast.  This  paper  presents  an 
analysis  of  optical  transmission  data  in  three  wavelength  regions 
(visible,  near  IK,  and  far  IK)  collected  for  singh  shot  lit  in  o'  i 
Rarden  TO  mm  cannon.  Spectroscopic  and  light  scattering  technique 
are  used  to  identify  muzzle  gas  and  aerosol  components,  and  a (print  i- 
tative  model  is  constructed  using  Mie  scattering  calculations  to 
identify  equivalent  monodispc rse  aerosols  for  t he  smoke  and  du  t. 
Concentrations  of  ammonia  gas  from  the  muzzle  emission  which  produce 
significant  extinction  in  the  10.6am  spectral  region  are  identified 
and  their  dissipation  with  t ime  is  followed.  Aerosol  obscur.it  ion 
effects  are  found  to  be  due  t o two  separate  aerosols  arising  it)  dit- 
ferent  time  regimes  after  firing.  Obscuration  is  initially  attributed 
to  a water-based  gun  smoke  aerosol  of  l.O-l.T  m part  isles  followed  in 
T to  6 seconds  by  a clav-based  dust  aerosol  of  4-t»i  m part  isles  rising 
front  the  ground.  rhe  evolution  ol  each  aerosol  in  tern  o(  chang it 
particle  sizes  and  number  densities  is  followed,  and  t he  interplay  el 
absorption  effects  and  scattering  effects  at  various  wavelengths  i 
d i soussed . 
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INTRODUCTION 


Sophist icated  future  fire  control  systems  have  been  proposed 
which  track  a fired  projectile  along  its  trajectory  and  sense  the 
miss  distance  at  the  target  for  automatic  correction.  To  be  success- 
ful, the  svstem  must  be  able  to  optically  track  the  projectile  during 
the  first  few  seconds  after  firing,  during  which  time  the  trans- 
parency of  the  atmosphere  near  the  muzzle  is  very  seriously  degraded 
by  gun  gases,  gun  smoke,  and  dust  clouds  created  from  the  ground  by 
muzzle  blast.  We  here  present  an  analysis  of  optical  transmission 
data  in  three  wavelength  regions  (visible,  near  IR,  and  far  IR) 
collected  for  single  shot  firing  of  a Rarden  TO  mm  cannon,  which 
results  in  a quantitative  model  for  the  gun  smoke  aerosol  and  for 
the  dust  aerosol  responsible  for  the  obscuration.  The  purpose  of 
this  study  is  to  contribute  data  on  obscuration  effects  which  is 
required  as  part  of  an  assessment  of  the  relative  potential  of  lasers 
operating  at  wavelengths  of  0.53pm,  1.06pm,  and  I0.6c.rn  for  providing 
an  active  projectile  tracking  system.  This  study  was  sponsored  by 
the  Photoelectric  Laboratory  and  by  t lie  Automatic  Cannon  Technology 
Fire  Control  Office  of  the  Fire  Control  Development  and  Engineering 
Directorate,  Frankford  Arsenal. 


DATA  RESOURCES 


The  optical  transmission  data  on  which  this  study  is  based  was 
taken  from  a series  of  experiments  conducted  by  Heater,  Pont elandol f o, 
and  McKeough*  at  Aberdeen  Proving  Uround  during  the  summer  of  1974. 
Each  shot  of  the  Rarden  30  mm  cannon  was  filmed  and  optical  trans- 
mission data  was  recorded  for  a path  93  feel  long,  parallel  to  the 
gun-target  axis  and  passing  alongside  tl  muzzle.  These  radiometric 
measurements  were  made  in  two  optical  ba  s of  200  A width  centered 
about  wavelengths  of  0. 53ym  and  1.06 ym,  ..nd  in  a third  optical  band 
>1  0.22pm  width  centered  about  10. 6pm.  The  I i lms  of  each  shot  wcrt 
reviewed  to  select  for  analysis  one  with  wind  conditions  is  quiet  as 
possible  in  order  to  avoid  confounding  intrinsic  aerosol  effects  with 
transmission  changes  due  to  wind  moving  the  aerosol  cloud  around  in 
the  optical  path;  in  this  way  shot  #3  was  sole  ted  for  detailed 
analysis.  The  data  are  shown  in  Figure  1. 
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The  infrared  transmission  spectrum  over  a similar  optical  path 
was  available  for  one  of  the  other  shots  (#4).  This  data,  as  reduced 
from  the  Fourier  transform  spectrometer  recording,  is  shown  in 
Figure  2.  The  basic  envelope  of  the  peak  in  the  800-1450  era"'  region 
is  the  emission  of  the  glowing  coil  source.  The  jagged  absorption 
bands  along  the  high  wavenumber  side  of  the  envelope  are  due  to  water, 
the  strong  absorption  doublet  in  the  900-1000  cm-^  region  and  nearby 
weaker  bands  are  due  to  ammonia  (NH^) . Following  the  decay  of  this 
doublet  in  time  showed  the  time  dependence  of  the  NH^  absorption  which 
is  plotted  in  Figure  3.  This  NH^  absorption  falls  within  the  band 
pass  of  the  10.6prc  radiometer,  so  that  the  presence  of  NHj  in  the 
muzzle  gases  will  confound  the  optical  data  we  would  like  to  attribute 
to  the  aerosol.  Because  the  spectrometer  data  was  not  available  for 
shot  #3,  it  cannot  be  related  directly  to  the  radiometer  data  of 
Figure  1;  however,  NLU  absorption  can  be  expected  to  interfere 
seriously  with  the  validity  of  any  inference  on  the  aerosol  based  on 
10.6pm  radiometer  data,  especially  during  the  first  2-3  seconds  follow- 
ing the  shot. 

Samples  of  loose  dirt  were  collected  from  the  surface  of  the 
ground  at  three  different  locations  near  and  forward  of  the  muzzle  by 
the  experimental  crew.  These  were  made  available  to  the  authors  for 
laboratory  study. 


MODE!  CONCEPT 


The  obscuration  effect  will  be  modeled  as  due  to  two  aerosols: 

(1)  gun  smoke  and  (2)  dust  created  from  the  ground  by  muzzle  blast. 

In  Figure  I the  general  features  at  all  three  wavelengths  show  a trans- 
mission minimum  at  about  1 1/2  seconds,  rising  to  a maximum  at  2 1/2 
seconds,  followed  by  a second  minimum  at  4 seconds,  and  then  gradually 
rising  to  well  above  90%  as  the  obscuration  clears.  Examination  of  the 
data  for  all  shots^  reveals  that  this  double  minimum  (min-max-min) 
structure  within  5 seconds,  followed  by  relatively  smooth  restoration 
of  visibility,  is  a common  feature.  Viewing  the  films  of  the  shots 
shows  that  first  a greyish-white  smoke  cloud  forms  in  the  air  in  front 
of  the  muzzle  almost  instantly  on  firing  (it  does  not  appear  to  issue 
from  the  muzzle  as  smoke,  rather  the  smoke  forms  in  the  air),  and  second, 
the  muzzle  blast  shock  wave  can  be  seen  racing  along  the  ground  sweep- 
ing along  a low-lying  dust  skirt  which  then  rises  in  a swirling, 
turbulent  cloud  after  the  shock  wave  has  passed.  By  timing  the  visible 
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effect  on  the  screen,  this  dust  cloud  appears  to  reach  the  optical 
path  of  the  radiometers  (about  shoulder  high)  in  3 to  5 seconds  after 
firing.  This  agrees  in  time  with  the  appearance  of  the  second  trans- 
mission minimum. 

We  propose  then  the  following  concept  model.  The  initial  obscura- 
tion is  due  to  gun  smoke  which  for  reasons  identified  below  increases 
in  opacity  for  the  first  second  or  so  and  then  dissipates.  As  the 
smoke  cloud  dissipates,  the  dust  cloud  rising  from  the  ground  enters 
the  optical  path  resulting  in  increasing  opacity  for  a while  and  then 
dissipates.  The  min-max-min  transmission  behavior  is  then  attributed 
to  smoke-dissipation-dust-dissipation.  The  following  sections  explore 
the  detailed  nature  of  these  two  aerosols  based  on  the  data  for 
Shot  #3  (Fig.  1). 


APPROACH 


In  an  extinguishing  medium  a light  beam  is  attenuated  according  to 


I 


(1) 


where  I is  the  transmitted  intensity,  1 is  the  incidenL  intensity,  e 
is  an  extinction  coefficient,  and  C and  l are  the  concentration  and 
path  length  in  the  medium  in  units  appropriate  to  those  used  to  specify 
e.  In  aerosol  studies  C is  commonly  given  as  a number  density  in  units 
of  particles  per  cm^  and  £ is  given  in  meters.  The  extinction  coeffi- 
cient z is  then  in  units  of  cnrVm  which  is  an  area  (i.e.,  lCT^cm^),  and 
has  a particular  value  for  any  given  particle  depending  on  its  composi- 
tion (refractive  index),  size,  shape,  and  the  wavelength  of  light 
incident  on  it.  Assuming  spherical  particles,  then  from  the  wavelength, 
particle  size,  and  refractive  index  the  extinction  cross-section  (C  ^) 
may  be  calculated  using  the  well  known  Mie  theory.^  In  general  the 
particle  may  be  composed  of  a material  which  absorbs  light  at  the  wave- 
length of  interest  so  that  the  observed  extinction  will  be  due  to  absorp- 
tion as  well  as  scattering.  In  this  case  the  refractive  index  will 
be  a complex  number  with  an  imaginary  component  related  to  the  degree 
of  absorption.  Therefore  performing  such  calculations  with  accuracy  will 
require  knowing  the  real  and  imaginary  components  of  the  refractive 
index,  at  the  wavelengths  of  interest,  for  the  material  of  which  the 
aerosol  particles  are  composed. 


The  transmission  is  not  conveniently  related  to  the  parameters  e and 
C which  are  directly  related  to  the  aerosols  we  wish  to  characterize. 
Therefore  the  transmission  data  is  digitized  at  0.5  second  intervals 
and  converted  to  optical  densities  (OD) 

0D  = - log  T = (1/2.303)  ECU  (3) 

which  provide  a more  convenient  linear  relationship.  The  experiment 
is  then  analyzed  by  seeking  model  aerosols  for  which  values  of  e,  C, 
and  l can  be  derived  which  will  lead  to  OD  vs.  time  curves  in  agree- 
ment with  the  data. 

The  approach  may  be  summarized  as  follows.  First  a candidate 
material  for  the  aerosol  particles  is  chosen  and  real  and  imaginary 
components  for  its  refractive  index  are  selected  at  each  of  the  three 
wavelengths  for  which  experimental  data  was  collected.  Second  a 
series  of  Mie  scattering  calculations  are  performed  at  each  wavelength 
for  spherical  particles  of  this  material  at  a variety  of  particle  dia- 
meters. Third  an  effective  particle  diameter  in  the  cloud  must  be 
selected  at  each  point  in  time.  This  is  done  by  comparing  the  observed 
ratios  of  extinction  at  the  various  wavelengths  [ OD(0. 53/im)  /0D(1. 06pm) 
and  0D(0. 53pm) /OD(10. 6pm) ] to  the  ratios  predicted  from  the  Mie 
calculation  for  the  various  sized  particles.  Because  the  amount  of 
extinction  depends  strongly  on  the  ratio  of  particle  size  to  wavelength, 
this  measure  can  be  used  as  a sensitive  indicator  of  particle  size. 
Unfortunately  it  is  not  always  unique  to  a single  particle  size,  as  we 
shall  see.  Finally,  with  e fixed  by  the  choice  of  refractive  index 
and  the  choice  of  particle  size  selected  from  the  ratios  of  OD's  at 
different  wavelengths,  the  product  Ci  can  be  determined  to  agree  witli 
the  magnitude  of  the  observed  extinction.  For  convenience  in  reporting 
we  shall  take  the  cloud  to  be  uniform  over  the  93  foot  path  length  and 
report  C as  an  effective  number  density  (units  = cm-^). 
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SMOKE  MODEL 


The  early  obscuration  phenomena  including  the  first  transmission 
minimum  to  the  maximum  at  2.5  seconds  is  to  be  attributed  to  gun 
smoke.  As  pointed  out  previously,  the  presence  of  significant  amounts 
of  NH^  in  the  vicinity  of  the  muzzle  is  to  be  expected  during  this 
time  and  confound  the  extinction  data  in  the  10.6ym  region.  We  shall 
therefore  rely  on  the  data  at  0.53ymand  1.06ym  in  constructing  the 
gun  smoke  model. 

The  presence  of  significant  amounts  of  NH j is  to  be  expected 
following  the  combustion  of  nitrocellulose  base  propellants.  The 
products  of  nitrocellulose  combustion  are  shown  in  Table  I.  The  water 
gas  reaction  follows  an  equilibrium  appropriate  to  the  high  tempera- 
ture, high  pressure  conditions  inside  the  bore  as  the  projectile 
travels  down  the  barrel.  When  the  projectile  exits  from  the  muzzle 
there  is  a sudden,  catastrophic  loss  of  temperature  and  pressure  which 
freezes  the  concentrations  at  essentially  those  typical  of  the  in-bore 
high  temperature,  high-pressure  environment.  Under  these  conditions 
there  is  an  equilibrium  established  between  the  H2  in  the  water  gas 
reaction,  the  N2,  and  NH.,  which  results  in  the  observed  significant 
concentrations  of  NH^.  Note  that  gaseous  water  will  also  be  released 
and  suddenly  cooled  as  the  projectile  exits  the  muzzle.  Also  a 
variety  of  hygroscopic  metals  and  metal  oxides  are  present  from 
propellant  additives  or  primer  mixes.  These  can  be  expected  to  form 
active  condensation  nuclei  for  the  suddenly  cooled  water  resulting 
from  propellant  combustion,  and  for  atmospheric  water  in  the  vicinity 
of  the  muzzle.  Water  droplets  are  therefore  selected  as  a model  mate- 
rial for  the  gun  smoke  aerosol.  This  water  is  certainly  contaminated 
witli  a variety  of  materials,  however  without  further  data  on  chemical 
composition,  it  seems  a reasonable  first  approximation  to  model  the 
gun  smoke  as  a pure  water  aerosol. 

The  results  of  Mie  calculations  on  water  drops  are  given  in 
Table  II.  The  complex  indices  of  refraction  at  the  wavelengths  of 
interest  are  shown  in  the  box.  From  the  magnitude  of  the  imaginary 
components  it  is  clear  that  pure  water  has  effectively  no  absorption 
at  0.53  and  l.Obym,  and  moderate  absorption  at  10.6ym.  For  various 
particle  diameters,  the  optical  density  per  particle/cm^  per  meter 
path  length  [cf.,  e in  Eq.  (3)]  is  given  for  each  wavelength  along  with 
the  ratio  of  these  extinctions  at  the  two  wavelengths  of  principal 
interest . 
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Table  I.  Products  of  Nitrocellulose  Combustion. 


Major  Products 

CO,  CO^,  H2,  t^O  (Water  Gas  Equilibrium) 
N2 

Major  Minor  Products 

ch4,  nh3 

Minor  Minor  Products 

C,  K20,  SnO.,,  Na20,  BaO 

(Pb,  Sb,  Si,  Zr,  Ca,  Al) 
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0.  51 

1.335 

(1-0.000000001  c ) 

1 .06 

1 . 325 

(1-0.000000808  L ) 

10.6 

1 . 182 

(1-0.06091  C.  ) 

Table  II.  H?0  Calculation. 


OD/Part/Meter 


0 Lam. 
( lam ) 

0.53 

1 . 06 

10.6 

on  0.53 
on  'i  .06 

0.  1 

0 .464 (-10) 

0. 282 (- 1 1) 

0. 1 7 9 (-10) 

16.5 

0.5 

0. 1 50 (-6) 

0.258 (-7) 

0.225 (-8) 

5.81 

0.9 

0. 104 (-5) 

0.367 (-6) 

0.133 (-7) 

2.83 

1.0 

0.  134 (-5) 

0. 565(-6) 

0. 183 (-7) 

2.37 

1 . I 

0. 164 (-5) 

0.824 (-6) 

0 . 245 (-7 ) 

1.99 

1.2 

0. 182 (-5) 

0. 112(-5) 

0. 3 20 (—7 ) 

1 . 62 

1.3 

0. 195 (-5) 

0. 150(-5) 

0.409(-7) 

1 . 30 

1.4 

0 . 2 10(-5) 

0. 1 93 (-5) 

0. 517 (-7) 

1.09 

1 . 5 

0. 2 1 0 (—  5 ) 

0. 238(-5) 

0. 637  (-7) 

0.88 

1 . 6 

0.  195 (-5) 

0. 295 (-5) 

0.778 (-7) 

0.66 

1 . 7 

0.20K-5) 

0.351 (-5) 

0.941 (-7) 

0.57 

1 . 8 

0.215 (—  5 ) 

0.405 (-5) 

0. 1 13 (-6) 

0.  53 

1.9 

0.207 (-5) 

0. 47  5 (-5) 

0. 134 (-6) 

0.44 

2.0 

0.233 (-5) 

0. 530(-5) 

0.157 (-6) 

0.44 

5.0 

0. 1 76 (-4) 

0. 220(-4) 

0. 3 2 6 ( — 5 ) 

0.80 

10. 0 

0.678 (-4 ) 

0. 692 (-4 ) 

0.  332 (-4 ) 

0.  98 

20.0 

0. 292 (-3) 

0.278 (-3) 

0.278 (-3) 

1.05 

l‘H  I 
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The  development  of  the  water  aerosol  model  is  shown  in  Table  III. 
At  each  of  the  0.5  second  intervals,  the  observed  ratio  of  extinction 
at  the  two  wavelengths  is  shown.  Referring  to  the  theoretical  results 
in  Table  II  allows  the  identification  of  an  effective  particle  dia- 
meter. Of  course  the  actual  aerosol  will  be  polydisperse  (i.e.,  have 
a distribution  of  particle  sizes);  we  model  it  here  in  terms  of  an 
equivalent  monodisperse  aerosol.  For  example,  at  time  zero  the  measure 
ments  show  an  OD  at  the  0.53pm  wavelength  2.4  times  greater  than  the  OD 
at  1.06pm.  Referring  to  Table  II  shows  that  for  drops  of  pure  water 
this  ratio  would  be  expected  from  drops  1.0pm  in  diameter.  Then 
considering  the  absolute  OD's  actually  observed  at  0.53pm  and  1.06pm 
and  the  cross  sections  e of  a 1.0pm  water  drop  at  these  two  wavelengths 
one  finds  from  Eq.  (3)  the  required  number  density  in  the  two  cases  to 
be  5.3  x 10^  and  5.8  x lCp,  which  are  assigned  as  the  range  of 
uncertainty,  and  for  the  model  a value  of  5-.  6 x 10^  is  chosen.  This 
process  is  repeated  at  each  half  second  interval  up  to  2.5  seconds. 

Note  that  during  the  first  1 1/2  seconds  the  particle  number 
density  remains  rather  constant  while  the  drops  grow  in  size  from  1.0 
to  1.4pm.  After  this  the  drop  size  remains  stable  while  the  cloud 
dissipates . 

After  2.5  seconds  the  effect  of  the  rising  dust  aerosol  domina  es 
the  observed  extinction.  Nevertheless,  there  remains  a significant 
amount  of  water  whose  effect  must  be  subtracted  from  the  observed  OD 
data  in  order  to  characterize  the  dust  aerosol.  A plot  of  1^0  drop 
number  density  vs.  time.  Figure  4,  shows  that  once  droplet  growth 
stops  and  the  water  cloud  begins  to  dissipate,  the  reduction  in 
log  (N)  appears  to  be  quite  linear  as  shown  by  the  circled  points. 

This  trend  was  simply  extrapolated,  number  density  values  read  at 
successive  1/2  second  intervals  [triangles  in  Fig.  (4)],  and  the  drop- 
lets assumed  to  remain  stabilized  at  1.4pm  diameter.  The  results  are 
shown  below  the  dotted  line  in  Table  III.  Table  II  data  then  allows 
the  calculation  of  remaining  OD  due  to  dissipating  water  at  each 
wavelength. 

The  OD  effects  due  to  the  final  water  model  are  shown  in  Figure  5, 
where  the  circled  points  show  the  experimental  data,  and  crosses  plot 
the  effect  contributed  by  the  wacer  model  of  Table  III.  The  behavior 
at  0.53pm  and  1.06pm  is  very  well  reproduced,  with  the  exception  of 
the  point  at  2.5  seconds.  This  is  the  cross-over  point  at  the  transi- 
tion between  a smoke-dominated  cloud  and  a dust-dominated  cloud;  it 
would  be  reasonable  to  expect  significant  contributions  from  both 
aerosols  here.  As  the  model  attempts  to  account  for  the  effect 
entirely  in  terms  of  the  smoke  aerosol,  it  is  not  surprising  that  the 


192 


UNCLASSIFIED 


Table  III.  Water  Aerosol  Model. 


Observed 

NH  (L'oits  = 

103) 

OD ( 0 . 53) 

Diam. 



Time 

OD( 1 . 06) 

(dm) 

Range 

Model 

0.0 

2.4 

1.0 

5.3  - 5.8 

5 . 6 

0.5 

2.  1 

1.1 

5.3  - 5.4 

5.4 

1.0 

1.  7 

1.2 

5.4  - 5.6 

5.5 

1.5 

1.  1 

1.4 

3.4  - 3.6 

3.5 

2.0 

1.  2 

1.35 

2.8  - 2.9 

2.8 

2.5 

1.1 

1.4 

1.4  - 2.3 

1.8 

3.0 

1.4 

1.2 

3.  5 

1.4 

.85 

4.0 

1.4 

.60 

4.5 

1.4 

.42 

5.0 

1.4 

. 29 

6.0 

1.4 

.20 

7.0 

1.4 

.07 

8.0 

1.4 

.034 

9.0 

1.4 

.017 

10.0 

1.4 

.008 

15.0 

1.4 

.002 

UNCLASSIFIED 
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agreement  is  less  than  perfect.  Note  also  that  this  model  cannot 
explain  the  observed  obscuration  at  10.6pm  at  all.  In  the  context  of 
our  model  concept  this  must  be  left  to  the  effects  of  NH^  gas  absorp- 
tion or  contaminants  which  certainly  must  be  present  in  the  water. 

It  seems  unlikely  that  these  water  impurities  would  absorb  signifi- 
cantly at  the  0.53  and  1 . 06pm  wavelengths  because  the  cloud  has  no 
apparent  color,  therefore  the  refractive  index  of  the  particles  at 
these  twc  wavelengths  is  not  expected  to  differ  greatly  from  that  of 
pure  water.  Furthermore  the  1.0-1. 4pm  diameter  particles  are  on  the 
order  of  the  same  size  as  these  two  wavelengths,  a condition  which 
causes  the  extinction  to  be  strongly  dominated  by  scattering  rather 
than  absorption.  On  the  other  hand,  10.6pm  radiation  has  a wavelength 
much  longer  than  the  particle  size.  This  leads  to  considerably 
enhanced  absorption  in  the  overall  extinction.  If  absorbing  impurities 
are  present  in  the  water,  they  would  be  expected  to  most  strongly 
affect  the  10.6pm  wavelength. 


DUST  MODEL 


In  order  to  establish  a model  refractive  index  for  the  dust 
particles  comprising  the  aerosol,  the  dirt  samples  returned  from  the 
experiment  site  were  examined.  After  sieving,  the  fines  passing 
through  a #320  mesh  screen  were  mulled  with  KBr  and  pressed  to  form 
a pellet  for  spectroscopic  study.  The  spectrum  in  the  visible  and 
infrared  is  shown  in  Figure  6.  The  KBr  host  is  transparent  in  the 
visible;  its  IR  spectrum  is  shown  with  that  of  the  dust  in  order  to 
sort  out  which  features  are  to  be  attributed  to  the  dust  sample.  In 
the  visible,  the  smooth  featureless  increase  in  transmission  with 
wavelength  indicates:  (1)  only  scattering  processes  are  attenuating 

light  in  the  sample,  and  (2)  the  particles  responsible  are  not  small 
compared  to  the  wavelength  because  the  increase  is  not  sufficiently 
rapid  (for  very  small  particles  compared  to  wavelength,  Rayleigh 
scattering  conditions  obtain  and  the  extinction  follows  X-^).  The 
infrared  spectrum  shows  a variety  of  absorption  features.  The  infra- 
red spectrum  of  a clay  of  known  composition  is  shown  in  Figure  7 with 
the  absorption  features  identified  in  terms  of  their  origin  on  various 
components  of  the  clay.^  By  comparison  of  the  absorption  features  of 
Figures  6 and  7 it  is  clear  that  the  dust  sample  is  a clay. 

From  the  literature,  refractive  index  values  typical  of  rural 
aerosols  were  taken  for  0.53  and  1.06pm.  However,  absorptions  are 
expected  to  strongly  influence  extinction  at  the  long  10.6pm  wavelength. 


196 


UNCLASSIFIED 


UNCLASSIFIED 


and  clays  of  various  compositions  show  absorptions  at  10.6pm  which 
vary  over  a wide  range  (greater  than  an  order  of  magnitude).  Therefore, 
in  addition  to  a typical  refractive  index  at  10.6pm  , calculations 
were  conducted  for  imaginary  refractive  index  components  at  the  lower 
and  upper  bounds  expected  for  commonly  occurring  clays^.  All  of  the 
refractive  indices  are  given  in  Table  IV. 


Table  IV.  Model  Refractive  Indices  for  Dust 


Wavelength  (pm) 

Refractive  Index3" 

0.53 

1.06 

10.6  (typical) 
10.6  (min) 

10.6  (max) 


1.51  (1.0 
1.49  (1.0 

1.67  (1.0 

1.67  (1.0 

1.67  (1.0 


0. 0093  "C) 
0.01342t  ) 
0.0808i) 

0.05991) 
1.1078  i) 


a. 


See  text  for  identification  of  literature  sources. 


Mie  calculations  were  performed  at  a variety  of  particle  diameters 
and  the  ratios  OD(0.53)/OD(1.06)  and  OD(0. 53)/OD(10. 6)  constructed.  These 
are  tabulated  in  Table  V.  The  listed  values  at  10.6pm  are  those  for 
the  typical  refractive  index,  with  the  range  of  results  for  the  minimum 
and  maximum  10.6pm  absorptions  shown  in  parenthesis.  The  ratio 
0D(0. 53) /0D(1. 06)  is  an  oscillating  function  of  particle  size,  hence 
unique  assignment  of  particle  size  based  on  this  ratio  alone  is  not 
possible.  The  ratio  OD(0. 53) /OD(10. 6)  is  a monotonically  decreasing 
function  of  particle  size  for  fixed  refractive  index;  furthermore,  the 
range  of  values  about  the  "typical"  value  is  quite  small  for  large 
particles  (absorption  has  little  effect  as  particles  approach  the 
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Table  V.  Dust  in  Air  Calculation. 


Diam. 

OD  (0.53) 

OD  (0.53) 

(pm) 

0D  (1.06) 

OD  (10.6) 

1.1 

0.69 

27.3  (36.2  - 3.2) 

1.5 

0.59 

17.6  (22.7  - 2.0) 

2.0 

0.87 

11.0  (14.0  - 1.3) 

2.5 

1.03 

6.1  (7. - 0.82) 

3.0 

1.08 

4.4  (5.1  - 0.76) 

3.5 

0.80 

2.7  (3.1  - 0.66) 

4.0 

0.89 

2.1  (2.4  - 0.72) 

4.5 

0.96 

1.5  (1.6  - 0.67) 

5.0 

1.07 

1.25  (1.3  - 0.72) 

5.5 

0.91 

0.96  (0.98  - 0.66) 

6.0 

0.92 

0.90  (0.90  - 0.69) 

6.5 

0.94 

0.80  (0.79  - 0.67) 

7.0 

1.04 

0.77  (0.77  - 0.70) 
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wavelength  in  size)  and  grows  to  reflect  the  order  of  magnitude  varia- 
tion in  imaginary  refractive  index  component  as  absorption  dominates 
extinction  witli  particles  small  compared  to  the  wavelength. 

The  experimental  optical  density  data  for  3.0  seconds  and  later 
were  adjusted  by  subtracting  the  effect  of  the  water  model  shown  in 
Fig.  5.  The  residual  OD  at  each  wavelength  is  then  to  be  attributed 
to  the  dust  aerosol.  Ratios  for  this  adjusted  experimental  data  are 
shown  in  Table  VI  along  with  size  and  number  density  values  charac- 
terizing two  possible  dust  aerosol  models  to  fit  this  data.  At  3.0 
seconds  the  ratio  0D(0. 53) /0D(1 . 06)  from  Table  VI  could  be  satisfied 
by  particles  of  diameter  3.0pm  or  5.0pm  (of  Table  V).  By  3.5  seconds 
this  ratio  has  dropped  somewhat.  Table  V shows  that  this  change  in 
behavior  could  be  accommodated  at  either  3 or  5pm  particles  and  at 
both  sizes  this  decrease  in  ratio  could  be  accounted  for  by  particles 
either  growing  or  shrinking!  Referring  to  the  second  ratio  in  Table  VI 
[OD(0.53)/OD(10.6) ] shows  a consistent  increase  in  this  value  between 
3.0  and  5.0  seconds.  Recalling  the  Table  V monotonic  theoretical  trend 
in  this  ratio  for  fixed  refractive  index  (whatever  the  refractive  index 
is  for  the  particular  Aberdeen  dust,  it  is  fixed  in  value),  it  is 
apparent  that  particle  sizes  are  decreasing  during  this  time. 

Two  possible  models  then  explain  the  experimental  data.  One  has 
dust  particles  ot  about  5pm  diameter  present  at  3.0  seconds  after 
firing  with  size  diminishing  thereafter;  the  second  starts  at  parti- 
cles ot  about  1pm  and  again  reduces  in  size  with  time.  This  reduction 
in  size  with  time  is  reasonable  as  the  heavy  particles  will  be  tin' 
first  to  settle  out  of  the  dust  cloud.  Extensive  Mie  calculations  to 
fill  in  data  between  the  diameters  shown  in  Table  V lead  to  the  assign- 
ment of  particles  sizes  shown  in  fable  VI.  As  with  the  water  aerosol 
model,  number  densities  are  then  calculated  to  provide  the  magnitude 
of  obscuration  observed.  At  b.O  seconds  and  beyond,  the  obscuration 
curves  at  the  various  wavelengths  come  close  together  so  that  small 
variations  (within  experimental  noise)  cause  them  to  cross  and  result 
in  rather  wild  variations  in  the  critical  ratios.  A reliable  analysis 
of  this  data  is  not  possible.  For  the  5pm  model  the  OD  (0.  5 IJKOD  ( 1 . 0b) 
ratio  cannot  be  matched;  for  the  ipm  model  this  first  ratio  can  be 
approximately  satisi icd  bv  the  1.8pm  diameter  particles  shown  in 
Table  VI,  but  the  e particles  cannot  match  the  01) (0 . 5 3 ) /OD ( 1 0 . b ) ratio 
even  within  the  widest  limits  of  reasonable  10.6pm  absorption  behavior 
(hence  the  dotted  line  fl  iggfng  this  data  in  lable  VI  is  used  to  indi- 
cate unreliability).  in  general,  tin  observed  10.6pm  obscuration 
behavior  tails  closer  i.  the  middle  of  the  range  ot  expected  retractive 
indices  lor  the  model  using  5pm  diameter  part  i « les  than  lot  the  1pm 
particle  model  which  would  require  a i lav  composition  of  extremely 
strong  absorption  properties. 
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The  three  sieved  dust  samples  returned  to  the  laboratory  were 
used  to  produce  aerosols  by  shocking  a container  in  which  they  rested 
and  drawing  the  resulting  dust  cloud  through  a five-stage  Battelle 
impactor  for  particle  size  analysis.  The  results  for  each  of  the 
three  samples  are  shown  in  Table  VII.  The  mean  particle  sizes  agree 
with  Model  1.  As  a check  on  the  validity  of  the  theoretical  approach 
used  in  this  study,  each  of  these  polydisperse  aerosols  from  Table  VII 
was  used  as  the  basis  of  a Mie  calculation,  the  results  of  which  were 
used  to  construct  the  ratios  OD(0. 53)/0D(1.06)  for  the  separate  poly- 
dispersions. Using  each  of  these  ratios  to  enter  Table  V,  the  predic- 
ted particle  size  for  an  equivalent  monodisperse  aerosol  was  found. 

These  are  shown  in  the  last  row  of  Table  VII.  The  agreement  with  the 
actual  mean  particle  sizes  is  remarkably  good! 

The  final  results  of  the  clay  dust  model  combined  with  the  water 
smoke  model  are  shown  in  Figure  8.  At  times  of  3.0  seconds  and  greater 
the  optical  density  due  to  water  (crosses)  and  that  due  to  clay 
(triangles)  will  add  together  to  closely  reproduce  the  experimental 
results  at  0.53  and  1.06pm.  At  10.6pm  the  range  of  results  for  the  two 
clay  models  is  indicated.  The  observed  effects  would  be  expected  from 
a rather  ordinary  clay  in  Model  1;  for  Model  2 to  be  correct  the  clay 
would  have  to  have  been  composed  of  an  unusually  strongly  absorbing 
species.  Because  scattering  strongly  dominates  the  extinction  at  0.53 
and  1.06pm,  and  because  the  real  components  of  the  refractive  indices 
of  clays  do  not  vary  greatly,  the  observed  extinction  at  these  short 
wavelengths  would  be  expected  to  be  reasonably  transferable  to  other 
geographical  locations  (types  of  clays).  The  indicated  range  of  obscur- 
ation at  10.6pm  can  be  read  as  suggesting  the  range  of  effects  that 
might  be  found  at  other  sites  and  hence  suggests  that  "worst-case" 
conditions  could  result  in  twice  the  10.6pm  optical  density  observed 
during  Aberdeen  Proving  Ground  tests. 


SUMMARY 


The  obscuration  due  to  single  shot  firing  of  the  Rarden  30  mm 
cannon  is  modeled  as  resulting  from  two  different  monodisperse  aerosols 
arising  sequentially  in  time.  The  first  aerosol,  gun  smoke,  is  composed 
of  water  drops  condensed  upon  expansion  of  the  water  vapor  product  ot 
propellant  combustion  and  of  atmospheric  water  vapor  precipitated  on 
condensation  nuclei  formed  from  propellant  and  primer  combustion.  This 
smoke  cloud  forms  in  front  of  the  muzzle  within  a small  fraction  of  a 
second  after  the  projectile  exits.  Initially  particles  are  spherical 
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Table  VII.  Particle  Size  Composition  (%)  for  Aerosols  Produced  from 
Aberdeen  Proving  Ground  Clay  Samples  . 


Sample  Location 

Diameter 

Muzzle 

Royco 

Lamp 

8 

15.7 

20.7 

9.0 

4 

79.  1 

69.0 

S3. 4 

2 

4 . 6 

CO 

00 

5.4 

i 

0.  5 

1.3 

1.4 

0.  5 

0.1 

0.2 

0.8 

Total 

100 

100 

100 

Particle  Size  (pm) 

Mean  Particle 
S ize 

4.5 

4 . 6 

4.2 

Equ i va 1 en t 
Monodisperse 

4.1 

4.4 

4.2 

See  text . 
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drops  of  about  1.0pm  diameter  which  grow  during  the  first  second  of 
time  to  1.4pm  without  decrease  in  number  density.  As  a result  obscura- 
tion increases  during  this  first  second.  Thereafter,  particle  size 
remains  constant  and  dissipation  of  the  aerosol  results  in  decreased 
number  density  and  obscuration.  By  three  seconds,  clay  dust,  which 
has  been  rising  from  the  ground  following  the  muzzle  blast  wave,  begins 
to  reach  the  height  of  the  muzzle  in  quantities  which  produce  more 
obscuration  than  the  remaining  smoke  cloud.  Particle  diameter  at 
three  seconds  is  probably  near  5pm,  although  it  would  be  possible  for 
particles  of  about  half  this  size  to  also  satisfy  the  optical  data. 

In  either  case  particle  size  decreases  with  time  thereafter  due  to 
settling  of  the  heavier  particles.  The  rising  dust  cloud  causes  con- 
tinuously increasing  number  density  at  the  muzzle  level  during  the 
period  from  three  to  six  seconds;  however,  the  effect  of  the  concommi- 
tant  decrease  in  particle  size  results  in  increasing  obscuration  only 
up  until  the  fifth  second,  after  which  time  visibility  continuously 
improves  as  the  cloud  settles  and  dissipates. 

These  smoke  and  dust  aerosol  models  agree  well  with  the  optical 
data  at  0.53pm  and  1.06pm  wavelengths.  In  these  cases  the  obscuration 
is  due  to  scattering  which  is  a process  not  strongly  dependent  on 
wavelength.  Therefore,  the  data  gathered  using  radiometers  with 
relatively  large  band  pass  filters  should  also  be  representative  of 
the  effect  that  would  have  been  observed  had  lasers  operating  at  these 
wavelengths  been  used.  The  10.6pm  wavelengtii  effects  are  not  due  to 
the  aerosols  alone;  there  are  significant  gas  absorptions  in  this 
region  due  to  ammonia  produced  by  propellant  combustion.  In  addition, 
the  gun  smoke  aerosol  based  on  pure  water  cannot  account  for  the 
observed  10.6pm  effect.  It  must  therefore  be  attributed  to  absorp- 
tions due  to  contaminations  which  are  certainly  present  in  the  water 
or  to  the  ammonia  gas  absorption.  The  ammonia  absorption  is  a doublet 
falling  almost  entirely  within  the  band  pass  of  the  radiometer;  however, 
the  10.6pm  wavelength  itself  falls  on  the  high  transmission  spike 
between  the  absorption  doublet.  Therefore,  the  10.6pm  radiometer  results 
are  not  expected  to  be  typical  of  10.6pm  laser  effects,  the  laser  being 
expected  to  be  superior  in  transmission,  particularly  during  the  first 
two  seconds  after  firing. 

Finally  unlike  the  results  at  wavelengths  of  0.53  and  1.06pm,  tin 
10.6pm  wavelength  results,  even  for  aerosol  effects,  are  due  principal lv 
to  absorption  rather  than  scattering.  This  is  particularly  true  of 
the  dust  obscuration,  in  which  case  the  optical  density  can  be  expected 
to  vary  by  a factor  of  three  depending  on  the  geographical  location 
(i.e.,  chemical  composition  of  the  clay).  The  obscuration  at  0.53  and 
1.06pm  wavelengths  is  due  to  scattering  and  is  relatively  insensitivi  to 
clay  species  or  water  impurities.  Therefore,  the  0.53pm  and  1.06pm  data 
is  more  likely  transferable  from  location  to  location,  with  some  depen- 
dence in  the  gun  smoke  expected  on  local  conditions  of  relative  humiditv. 
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LIGHT  SCATTERING  PROGRAMS 
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ABSTRACT 

In  this  paper  two  separate,  but  related  subjects  are  being  discussed: 
First,  a summary  of  present  AFGL  aerosol  optical  models  is  given.  The 
rational  and  the  approach  f,or  the  development  of  these  models  is  pre- 
sented. Some  of  the  cha racLe r i s t i cs  of  these  models,  of  particular 
interest  to  tactical  app 1 i ca t ions , are  illustrated  on  two  examples.  A 
discussion  on  the  limitations  of  present  models  follows,  and  some 
aspects  of  future  improvements  are  reviewed. 

The  second  part  is  a concentrated  review  of  scattering  codes  and 
algorithms  for  contrast  transmittance  calculations.  The  discussion  is 
limited  to  a few  methods  which  are  widely  used  in  military  application-.. 
The  advantages  and  limitations  of  these  methods  are  being  discussed. 


Optical  Aerosol  Models,. 

Earlier  versions  of  the  AFGL  LOWTRAN  Transm i s s ion  Code  (Selby,  McClatchey 
1972)  included  two  aerosol  models  for  surface  visibilities  of  23  and  b 
kilometers  to  describe  the  effects  of  aerosol  attenuation.  Approxi- 
mately two  years  ago,  we  decided  that  sufficient  new  experimental  data 
had  been  accumulated  by  the  scientific  community  to  justify  the  develop- 
ment of  a number  of  more  specific  aerosol  models  which  would  describe 
different  environments  and  seasonal  dependence.  The  objectives  which 
we  set  ourselves  for  these  aerosol  models  are  summarized  in  Vugraphs  1 
and  2. 

The  approach,  which  was  used  for  developing  these  models  was  to  compili 
the  available  information  on  the  aerosol  concentration,  size  distribution 
and  refractive  index  and  to  generate  through  MIE  calculations  the  optical 
effects  of  aerosols  and  to  obtain  by  matching  these  derived  quantities 
against  results  from  direct  optical  measurements  the  final  197b  optical 
aerosol  models  (Shettle,  Fenn,  1 975)  ( Vugraph  3) < Thcs<  optical  aerosol 
models  descritx  th>  coefficients  foi  cattcrrng  and  absorption,  angular 


« . r,  l 


» i »r 

l NCI 


I 


scattering,  and  polarization  as  a function  of  wavelength,  height,  and 
type  of  environment  (Vugraph  4).  These  four  parameters  are  sufficient 
to  derive  any  atmospheric  optical  quantity  such  as  transmi ss ion  (fur 
instance  for  LOWTRAN,  HIT RAN),  scattering  out  of  a light  beam  as  in 
laser  propagation,  contrast  transmission,  or  background  radiance. 

Whereas  transmission  calculations  only  require  the  knowledge  of  the 
scattering  and  absorption  coefficients,  all  other  quantities  require 
the  input  of  ail  four  aerosol  optical  properties. 

These  optical  models  describe  the  various  optical  . aneters,  for 
instance  the  attenuation  coefficient  at  a certain  wave  I ength, . as  a junc- 
tion of  altitude  (Vugraph  5).  For  the  lower  boundary  layer  .node  Is  have 
been  defined  for  a maritime,  rural  and  urban  aerosol  which  can  be  scaled 
for  various  surface  visibilities.  For  the  upper  troposphere,  models 
for  the  fall-winter  and  spring-summer  season  were  developed  and  in  the 
stratosphere  models  for  various  levels  of  volcanic  dust  injection,  have 
been  defined.  These  models  have  been  described  in  more  detail  by 
Shettle  and  Fenn,  1975  (an  AFGL  report  in  preparation).  In  the  follow- 
ing a few  examples  of  the  characteristic  features  of  these  models  will 
be  discussed.  Vugraph  6 shows  examples  of  aircraft  measurements  of 
atmospheric  extinction  coefficients  as  a function  of  altitude  (Duntley 
et.  al.,  1972).  Six  profiles  are  shown  from  Mights  conducted  on 
different  days  over  a period  of  a few  weeks  in  southern  Germany.  One 
will  notice  that  in  all  cases  a very  distinct  low  level  haze  layer  of 
approximate! y 1.5  kilometers  thickness  was  present.  A series  of  flights 
conducted  in  the  area  of  St.  Louis,  Missouri  showed  a similar  average 
vertical  haze  profile.  On  the  other  hand,  the  vertical  profiles 
obtained  from  flights  in  New  Mexico  showed  a mueh  more  constant  decrease 
of  haze  concentration  with  altitude.  Based  on  these  results  and  other 
data  we  decided  that  the  low  level  aerosol  profiles,  especially  in 
urban  and  industrial  environments,  would  be  more  realistically  described 
by  a low  level  haze  layer  rather  than  by  an  exponentially  decreasing 
haze  concentrat ion.  Vugraph  6 also  shows  another  important  feature. 
Although  the  measured  surface  visibilities  only  varied  by  20-30.,  the 
extinction  coefficient  varied  by  a factor  of  5 at  an  altitude  of  only 
150-200  meters  above  the  ground.  This  indicates  that  considerable 
discrepancies  in  slant  path  transmission  calculations  can  occur  il  they 
are  only  based  on  a surface  visibility  and  a simple  vertical  aerosol 
profile.  There  is  strong  indication  that  such  variations  in  aerosol 
properties  with  altitude  are  closely  related  to  the  temperature  profile. 
Such  dependences,  however,  must  be  studied  in  more  detail  before 
modeling  attempts  of  these  features  can  be  made. 

Vugraph  7 shows  the  wavelength  dependence  of  the  different  types  of 
surface  layer  aerosol  models.  Also  all  models,  as  shown  in  Vugraph  /, 
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are  normalized  at  . 55«m  wavelength,  one  can  notice  an  order  of  magnitude 
difference  in  the  extinction  coefficient  for  some  if  the  models  lor 
longer  wavelengths.  This  is  primarily  due  to  different  types  of  size 
distribution.  On  the  other  hand  one  can  also  see  that  there  is  only 
a small  difference  in  the  extinction  coefficients  for  the  rural  and 
urban  models.  If  one  compares,  however,  in  Vugraphs  8A  and  B the 
absorption  and  scattering  coefficient  contribution  to  the  total  extinc- 
tion coefficient  in  these  twc  models  separately,  one  can  see  a large 
difference  in  the  absorption  coefficient  which  is  of  significance  in 
multiple  scattering  effects.  As  an  example,  Vugraph  9 shows  the  ratio 
of  calculated  contrast  transmission  for  the  urban  versus  rural  models. 

In  this  example  it  is  assumed  that  a detector  located  at  20  km  altitude 
is  looking  at  the  ground  terrain  under  various  polar  view  angles  and 
for  different  solar  zenith  angles  of  the  illuminating  sun;  for  high 
sun  angles  the  contrast  transmittance  for  the  urban  model  will  be  30 
greater  than  for  the  rural  model,  for  very  low  sun  angles,  the  contrast 
transmittance  lor  the  urban  model  will  be  only  70  of  that  lor  the  rural 
model.  In  other  words  there  can  be  a factor  of  almost  2 difference  in 
this  ratio  depending  on  the  type  of  aerosol  model,  although  the  surface 
visibilities  are  identical  in  both  cases. 

Although  these  1976  optical  aerosol  models  can  describe  many  natural 
aerosol  ituations  quite  adequately,  several  ii  provements  are  necessar 
to  make  them  mure  suitable  for  specific  military  problems  (Vugraph  10) 

For  applications  of  these  xjdels  to  the  high  r«  lativi  humiditv  haze  and 
foggy  environments  of  Central  Europe,  it  is  very  important  to  incorporate 
a direct  dependence  of  the  aerosol  optical  effects  on  the  relative 
humidity,  especially  for  relative  humidities  abovt  90  . Also  models  for 
fogs,  optically  thin  clouds,  and  precipitation  art  needed.  Much  work  on 
these  dependencies  has  been  done  already  and  some  examples  art  referenced 
in  Vugraph  10.  A deficiency  of  the  existing  mode  I s which  is  of  particular 
concern  to  Navy  applications  is  the  absence  of  a model  describing  tii 
low  level  marine  aerosol.  Thi  aerosol  has  a large  sea  spray  component 
in  the  lower  few  tenths  of  meters  above  the  sea  surface,  and  is  theii- 
fore  strongly  dependent  on  wind  spied.  Th<  specific  aerosol  of  a battle- 
field environment  is  another  model  which  needs  to  b<  developed.  The 
ex i s t i ng  op t i ca I aerosol  models  have  no  statistical  significance.  It 
is,  therefore,  necessary  to  develop  an  atmospheric  optical  cl imatol 
Several  experimental  efforts  are  in  progress  which  may  provide  a statis- 
tical data  base  at  least  for  a limited  number  of  environments, 

The  deficiency  which  is  nest  easily  acci  ibli  for  a short  term  solution 
is  the  effective  relative  humidity.  There  exists  considerable  experimental 


and  theoretical  data  which  shows  the  dependence  of  visibility  on  relative 
humidity.  Vugraph  II  shows  results  of  model  calculations  of  aerosol 
size  distributions  due  to  changes  in  relative  humidity  for  various  types 
of  aerosols  (Hclnel,  1972).  These  models  1-6  represent  an  average  aerosol 
during  summer  in  Central  Germany,  sea  spray,  Atlantic  Ocean  aerosol, 
Atlantic  Ocean  aerosol  with  Sahara  dust,  urban  Central  Germany  aerosol 
in  winter,  and  mountain  aerosol,  in  that  order.  One  can  see  that  in 
all  cases  the  aerosol  particles  begin  to  grow  as  the  relative  humidity 
reaches  values  of  75 L or  more.  The  growth  rate  for  an  aerosol 
particle  is  more  or  less  independent  of  : ts  size  for  relative 
humidities  up  to  95/..  Only  for  relative  humidities  larger  than  95 
the  size  distribution  begins  to  change.  This  implies  that  scaling 
of  these  aerosol  models  for  different  wavelengths  by  the  visibility 
(or  better  the  extinction  coefficient)  is  equivalent  to  scaling 
according  to  relative  humidity  as  long  as  the  humidity  is  below  95  . 
Different  scaling  laws  have  to  be  developed  for  very  high  relative 
hum  i d i t y. 

Several  studies  have  also  been  developed  in  the  past  on  the  relationship 
between  horizontal  visibility  and  liquid  water  content  in  fogs  (Vugraph 
12)  (aufm  Kampe,  Weickmann,  1957).  Such  a dependence  might  be  useful 
for  modeling  optical  properties  of  fogs.  Similar  relationships  for  dry 
continental  aerosols  do  not  appear  to  be  unique  enough  to  be  very  useful 
(see  Vugraph  13  from  Horvath  £•  Charlson,  1969).  Vugraph  IA  summarizes 
the  conclusions  concerning  present  aerosol  model  status  and  necessary 
improvements  in  aerosol  models. 

Multiple  scattering  radiation  background  and  contrast  transmittance 
calculations  for  military  applications.  Many  military  applications 
require  a capability  not  only  for  forecasting  the  beam  t ransm i t tance 
but  also  the  various  effects  of  angular  scattering,  the  most  important 
one  being  atmospheric  contrast  transmittance.  Vugraph  15  shows  the 
relationships  which  describe  atmospheric  contrast  transmittance.  One 
can  see  that  atmospheric  contrast  transmittance  r is  a function  of 
path  radiance  P,  reflected  ground  radiance  Ng^,  and  beam  transmittance 
T.  Of  these  three  independent  variables,  P is  the  most  difficult  one 
to  obtain  experimentally  or  theoretically. 

The  formulation  of  contrast  transmittance  for  a horizontal  path,  viewing 
a black  object  against  the  horizon  sky,  goes  back  to  Koschm i eder , 1 92 At . 
His  simple  re  I a t ions h i p,  however,  is  based  on  some  very  important 
assumptions:  Horizontal  homogenuity  of  atmospheric  optical  properties, 

cloudless  sky  and  others. 
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An  extension  of  Koschm  i ede  r 1 s theory  for  horizontal  visibility  to  down- 
ward looking  slant  paths  was  found  by  Duntley  in  1 9^*8  (see  Vugraph  17). 
Assuming  that  the  path  radiance  ' primarily  dec  to  single  scattering 
along  the  path  from  a ground  target  to  an  airborne  detector,  it  is 
possible  to  find  a direction  looking  at  the  horizon  sky  which  forms 
the  same  angle  > with  the  direction  of  the  sun  as  the  angle  a between 
sun  and  viewing  direction.  One  can,  therefore,  substitute  tor  the 
path  radiance  in  Vugraph  15  the  sky  radiance  in  a given  direction  and, 
therefore,  Dunt ley's  method  is  called  the  sky  to  ground  ratio  method. 
Duntley  in  his  1948  paper  as  well  as  Middleton,  1952,  and  Bailey  and 
Mundie,  1969,  gives  various  values  for  this  sky  to  ground  ratio  K for 
different  types  of  environmental  conditions.  Vugraph  18,  from  Dull, 
1972,  snows  the  dependence  of  contrast  transmittance  on  beam  trans- 
mittance and  K factor.  Indicated  in  this  vugraph  are  also  the 
identifiers  given  by  Duntley  and  others  for  some  of  the  K factor  values. 
One  may  notice  that  the  contrast  transmittance  depends  very  strongly 
on  the  K factor.  For  vegetation  type  backgrounds  (forest)  K factor 
values  range  from  about  5 for  a clear  sky  to  25  for  an  overcast  sky. 

A comparison  of  these  values  with  experimental  data  (Vugraph  19,  from 
Duff,  1972)  shows  that  the  K factor  values  for  these  conditions  are 
too  high  by  a factor  of  approx imately  4-5.  It  follows  from  the  basic 
concept  of  substituting  a measurement  of  the  horizon  brightness  lor 
the  path  radiance,  that  the  sky  to  ground  ratio  method  loses  its 
physical  basis  under  overcast  cloudy  sky  conditions  and  that,  there- 
fore, the  K factor  no  longer  describes  the  path  radiance  under  cloudy 
skies. 

The  first  rigorous  solution  to  the  atmospheric  contrast  transmission 
problem  was  found  by  Coulson  and  others,  I960,  for  a pure  molecular 
Rayleigh  scattering  atmosphere. 


Of  much  more  value  for  practical  applications  was  the  adoptation  of 
Monte  Carlo  techniques  to  multiple  light  scattering  by  Wells  and  Collins, 
1965,  and  Plass  and  Kattawar,  1968.  Thi  Monte  Carlo  method  treats 
light  energy  as  photons  incident  on  top  of  the  atmosphere  (Vugraph  20). 
One  traces  each  photon  along  a 1 andom  path  through  the  atmosphere  with 
t he  different  processes  of  scattering  by  air  molecules  and  aerosols. 

The  character  i s t i c capabilities  of  the  Monte  Carlo  method  are  summar i zed 
in  Vugraph  21. 

A different  method  for  contrast  transmittance  calculations  based  on 
two  scattering  processes  only  was  developed  by  the  Vidya  Corp.  and 
later  on  improved  by  the  AWS  (Breitling  £»  Pilipowskyj,  1970)-  Some 
of  the  features  of  this  technique  are  summarized  in  Vugraph  22. 
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More  recently  a technique  which  has  many  of  the  advantages  of  the  Monte 
Carlo  code  but  promises  to  be  much  more  efficient  in  computer  time  was 
developed  by  Whitney  et.  al.,  1973  (Vugraph  23). 

The  methods  mentioned  above  on  contrast  transmittance  calculations  are 
those  most  commonly  applied  to  military  problems.  The  Monte  Carlo 
method  definitely  is  the  most  general  one  and  allows  to  describe  the 
largest  variety  of  atmospheric  conditions  and  geometries.  Its  main 
disadvantage  is  the  extremely  long  computer  time  required.  The  DART 
program  promises  to  offer  an  optimum  tradeoff  between  efficiency  and 
applicability  in  the  near  future.  The  sky  to  ground  ratio  method 
requires  improvement  in  the  definition  of  the  K factor  based  on  experi- 
mental data.  With  such  improvements,  however,  it  may  still  be  a very 
simple  and  useful  tool  for  making  quick  estimates  of  contrast  trans- 
mittance (Vugraph  2h). 
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ATMOSPHERIC  TURBULENCE  MEASUREMENTS  AT  AMOS 

Donald  W.  Hanson 
Rome  Air  Development  Center 
Griffiss  AFB,  New  York  13441 
(315)  330-3144 


Abstract 

Atmospheric  turbulence  is  created  by  random,  small  scale,  high 
frequency,  temperature  fluctuations  in  air.  Theory  has  been  developed 
which  relates  the  propagation  of  Tight  through  the  atmosphere  to  the 
temperature  turbulence  in  the  atmosphere.  Thus  in  order  to  design  and 
predict  the  performance  of  optical  systems  which  transmit  through  the 
atmosphere  some  estimate  of  the  temperature  turbulence  must  be  available. 

The  Compensated  Imaging  (Cl)  prototype  will  be  delivered  to  the  ARPA 
Maui  Optical  Station  (AMOS)  for  field  testing.  Therefore,  an  extensive 
measurements  program  is  being  conducted  at  AMOS  to  determine  the  charac- 
teristics of  the  turbulence  above  AMOS. 

Several  instruments  have  been  deployed  to  AMOS  to  gather  the  atmospheric 
data.  These  instruments  include  microthermal  probes  to  measure  turbulence 
at  ground  level,  an  acoustic  sounder  to  obtain  a turbulence  profile  up  to 
100m,  a profilometer  to  obtain  a turbulence  profile  from  1km  to  25km,  and 
a Seeing  Monitor  which  provides  a measure  of  the  integrated  turbulence  from 
ground  level  up  through  the  atmosphere.  Data  from  the  various  instruments 
is  compared.  A comparison  of  the  measured  profiles  with  profiles  predicted 
from  rawinsonde  data  is  given. 

Introduction 

The  propagation  of  light  through  the  atmosphere  is  a function  of  the 
existing  temperature  turbulence.  Temperature  turbulence  is  small  changes 
over  short  distances  in  the  temperature  of  air  which  induce  apparent  path 
length  changes  in  the  propagation  path.  Extensive  theory  has  been  developed 
which  relates  optical  propagation  parameters  to  temperature  turbulence  para- 
meters. The  theory  shows  that  optical  propagation  is  a function  of  both 
the  total  strength  of  the  turbulence  and  of  the  distribution  of  the  turbu- 
lence. A parameter,  r0,  has  been  defined  which  is  a measure  of  total  turbu- 
lence strength.1  The  following  equation  can  be  used  to  calculate  r if  the 
temperature  turbulence  profile  is  known: 

r r -f  ^ 

r0  = 0.42  (2V\)2  ^(h)  dh 

L path  -I 

where  X is  the  wavelength  of  light  and  Cn2(h)  is  the  value  of  the  optical 
structure  constant  at  the  distance  h from  the  receiver.  Notice  that  r 
is  not  a function  of  where  the  turbulence  is,  only  of  the  integrated  value. 
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The  parameter  r^  can  be  used  to  calculate  residual  errors  in  optical 
systems  which  use  deformable  mirrors,  as  shown  by  the  following  equation:2 

a2  = .141  (d/r0)K  rad2 

where  a2  is  the  mean  square  optical  phase  error  over  the  telescope  aper- 
ture due  to  the  discrete  distance,  d,  between  actuators  on  the  deformable 
mirror.  Notice  that  as  rc  increases,  ie.  turbulence  decreases,  the  resid- 
ual error  decreases. 

The  apparent  motion  of  an  object  when  viewed  through  the  atmosphere 
or  the  ability  to  point  a laser  through  the  atmosphere  is  also  only  dependent 
on  r0  and  is  given  by  the  following  equation:3 

a2  = .184  (D/r0)5^  (A/D)2  rad2 
a 

where  a2  is  the  variance  in  the  angle  of  arrival  of  an  object  (or  the 
variant  in  the  pointing  angle  of  a laser),  D is  the  aperture  of  the 
receiving  or  transmitting  system,  and  A is  the  wavelength  of  light. 

The  above  parameters  depend  only  on  r0,  or  the  integrated  turbulence 
strength.  Some  other  propagation  parameters  depend  on  the  distribution  of 
turbulence.  For  example,  the  variance  in  the  log-amplitude  of  light  propa- 
gating through  the  atmosphere  is  given  by  the  following  equation: 

o2  = .56  (2n/\)2  J'hH  Cn2(h)  dh 

where  al  is  the  variance  in  the  log-amplitude  of  the  light  and  h is  the 
distance  from  the  point  receiver  to  the  turbulence.  Notice  that  for  the 
same  value  for  the  integrated  strength  of  turbulence  various  values  of  a2 
could  be  obtained  depending  on  what  the  distribution  of  turbulence  was 
between  the  receiver  and  the  optical  source. 

The  above  are  just  a small  number  of  examples  which  show  the  correlation 
between  turbulence  and  optical  propagation  parameters.  It  is  apparent  that 
the  performance  of  optical  systems  which  propagate  through  the  atmosphere 
will  depend  on  the  turbulence  existing  during  the  time  at  which  the  system 
is  operating.  Also  the  design  of  systems  which  attempt  to  correct  for 
aberrations  induced  by  the  atmosphere  will  be  a function  of  the  turbulence 
conditions  in  which  the  systems  will  operate. 

A Compensated  Imaging  prototype  is  currently  being  fabricated  for 
deployment  to  the  ARPA  Maui  Optical  Station  (AMOS).  To  support  the  desiqn 
of  that  system  instrumentation  was  developed  to  measure  turbulence  at  AMOS 
and  numerous  experiments  have  been  conducted  usinq  the  instrumentation.  A 
description  of  the  sensors,  experiments  conducted,  experimental  data,  and 
comparison  with  models  is  given  below. 
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Measurement  Instrumentation 

Instruments  have  been  deployed  to  AMOS  which  measure  a turbulence 
profile  from  ground  level  up  through  the  atmosphere  as  well  as  the 
integrated  strength  of  turbulence  r0.4  Microthermal  probes  measure 
the  turbulence  at  the  height  of  the  telescope  aperture  (15m)  an  acoustic 
sounder  measures  the  turbulence  from  15m  to  100m,  and  a variable  spatial 
frequency  scintillometer  measures  the  turbulence  from  lOOCh  up  through 
the  rest  of  the  atmosphere.  A seeing  monitor  uses  a variable  spatial 
frequency  chopper  to  measure  r0.  For  the  profiles  of  17,  18,  and  21  Nov 
presented  below  the  acoustic  sounder  was  not  operational.  Microthermal 
probes  mounted  on  a light  aircraft  were  used  to  measure  turbulence  from 
3000m  down  to  37m  above  the  site.5 

Measured  Data 

Profile  measurements  were  made  in  November  of  1975. 5 The  profiles 
are  plotted  in  figures  1,  2,  and  3.  A summary  of  r0  measurements  taken 
to  date  is  given  in  table  I.4"6  A cross  check  on  the  data  was  made  by 
calculating  a value  of  r0  from  the  turbulence  profiles  shown  in  figures 
1 to  3.  The  values  calculated  from  the  profiles,  along  with  values  of 
r0  measured  by  the  seeing  monitor,  are  shown  in  table  II.  The  data  in 
table  II  show  that  for  the  three  days  when  data  was  obtained  the  profile 
r0  is  larger  than  the  seeing  monitor  r0.  Since  the  values  measured  by 
the  seeing  monitor  are  in  the  range  of  previous  measurements  it  appears 
as  if  some  turbulence  was  missed  when  measuring  the  profile.  This  is 
very  possible  since  the  aircraft  which  made  the  measurements  was  not 
directly  over  the  peak  of  the  mountain  when  the  lowest  altitude  measure- 
ments were  made.  If  a layer  between  20  and  80  meters  thick  at  a On2  value 
10~14  m were  added  to  the  profile,  the  profile  and  seeing  monitor  r 

values  would  compare  quite  closely. 

Turbulence  Model s 

Yura  has  compared  the  measured  profiles  to  profiles  predicted  by 
models  of  the  atmosphere.9  The  equations  used  to  model  the  atmosphere 
are  shown  in  figure  4.  The  last  equation  is  a model  developed  by 
Hufnagel , it  relates  an  average  wind  velocity  to  turbulence.10  The  rest 
of  the  equations  are  derived  from  emperical  data  of  Koprov  and  Tsvang11 
and  Bufton.12  The  profiles  that  Yura  obtained  are  shown  in  figures  1,2, 
and  3 as  dashed  lines.  The  values  of  rc  obtained  by  Yura  from  the  models 
are  shown  in  table  II. 

Values  of  o2,  for  a point  receiver,  calculated  from  the  model  atmosphere 
and  values  of  a|'calculated  from  the  measured  profiles  are  given  in  table  III. 

In  general  the  shape  of  the  model  profiles,  and  the  values  of  r 
obtained  from  the  model  profiles  are  in  reasonable  agreement  with  measured 
values.  The  values  of  log-amplitude  variance  calculated  from  the  model 
atmosphere  are  significantly  hinher  than  those  calculated  from  the  measured 
profiles  for  18  and  21  Nov.  This  agrees  with  the  data  shown  in  figures  2 and  3 
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where  the  model  atmosphere  is  seen  to  have  higher  values  of  Cn2  at  h i ah 
altitudes  than  the  measured  profile. 

Future  Plans 


The  acoustic  sounder  is  expected  to  be  operational  at  AMOS  in  mid 
December.  Starting  in  January  of  1977  profile  measurements  will  be  made 
on  a routine  basis.  The  seeing  monitor  will  be  used  to  measure  r0  while 
the  profile  measurements  are  made.  The  value  of  rQ  obtained  from  the 
profile  will  be  compared  with  the  value  measured  with  the  seeing  monitor. 
Also  another  instrument  is  scheduled  for  deployment  to  AMOS  which  will 
measure  r0.  A combination  of  these  three  independent  measures  of  r should 
provide  a good  estimate  of  r0.  Model  profiles  will  be  developed  from  rawin- 
sonde  wind  data  and  compared  with  measured  profiles.  Modifications  to  the 
models,  if  necessary  and  possible,  will  be  proposed.  A similar  measurement 
program  is  also  scheduled  to  be  conducted  at  the  RADC  Advanced  Optical  Test 
Facility,  located  near  Rome,  N.Y.13 
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TURBULENCE  PROFILE  ABOVE  AMOS  - 17  NOV  1975 


FIGURE  1.  TURBULENCE  PROFILES 


TURBULENCE  PROFILE  ABOVE  AMOS  - 18  NOV  1975 


TURBULENCE  PROFILE  ABOVE  AMOS  - 21  NOV  1975 


FIGURE  3.  TURBULENCE  PROFILES 
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TABLE  I 


Measured  values  of  rL;  at  AMOS 


Date  Range  of  r0  - cm 


Auq  74 

2.9  - 18.3  (mean  10.2) 

Jun  75 

4.1  - 6.4 

Aug  75 

5.1  - 10.3 

Nov  75 

8.3  - 24.7  ■ 

May  76 

7.4  - 13.9 

Jun  76 

5.4  - 13.3  (mean  8.9) 

Jul  76 

6.2  - 14.4  (mean  9.3) 

TABLE  II 

Values  of  r0,  in  cm,  obtained  by  various  methods 


Date 

Measured  Profile 

Seeing  Monitor. 

Yura  Model linq 

1 7 Nov 

25.7 

10.4 

17.1 

18  Nov 

24.9 

15.4 

17.4 

21  Nov 

16.6 

11.6 

14.4 

TABLE  III 


Calculated  values  of  log-amplitude  variance-  oji 


Date 

Measured  Profile 

Model  Profile 

1 7 Nov 

.018 

.028 

18  Nov 

.008 

.026 

21  Nov 

I .019 

.056 
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ABSTRACT 

Measurements  of  image  resolution  through  the  atmos- 
phere, as  expressed  by  the  optical  transfer  function  (OTF) , 
have  been  made  over  the  ocean  with  laser  sources  at  wave- 
lengths .4880,  0.6328,  1.06,  and  10.6  pm  for  i mges  fi 
0.3  to  19  km.  Measurements  are  made  with  a slit  scanning 
telescope  with  Fourier  deconvolution  of  the  instrument 
function.  OTF  curve  shapes  are  in  good  agreement  with  thi 
Fried  theory  and  good  internal  agreement  exists  between 

: term  OTF,  short  term  OTF,  and  image  wandei  . 1 r<  di  :t<  d 

beha’  Lor , basi  i C,  fi  point  C*j-  and  f r on  i til  it  n , 
is  in  reasonable  agreement  with  observed  behavior  in  view 
of  the  differences  in  relative  weighting  as  a function  of 
path  position.  Considerable  scatter  in  the  results  still 
exists,  indicating  l ntermi t tency  in  the  boundary  layei  : low. 

INTRODUCTION 


The  work  to  be  reported  here  is  part  of  a loint  mter- 
: : ject,  including  mea  irement  : I I thi 

optical  and  the  meteoro loci  cal  parameters  connected  with 
optical  propagation  in  the  marine  boundary  layer. 

This  paper  will  report  some  optical  results,  and  the 
following  paper  by  K.  L.  Davidson  will  report  related 
meteorological  work. 

The  general  object i ve  has  been  to  determine  the  >pt leal 
effects  ol  turbulence  in  the  mat  me  boundary  1 lyer  and  to  n 1 
these  effects  to  the  mi orometeoi olegy , with  thi  intent i n 
of  providing  a basis  for  verification  of  theoretical  models 
and  prediction  of  the  optical  effects  from  large  scale 
meteoro  I o< iy  . 
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Experimental  data  have  been  taken  on  optical  ranges  of 
4 to  19  km,  from  land  to  land  across  Monterey  Bay  and  ranges 
of  0.2  to  5 km  from  the  NPS  Research  Vessel  Acania  to  land. 
The  locale  of  the  ranges  is  shown  in  Figure  3 of  the  paper 
by  K.  L.  Davidson  et.  al.  following  this  paper. 

The  optical  property  of  primary  interest  has  been  the 
optical  transfer  function  (OTF)  of  the  atmosphere.  In 
general  the  OTF  is  a two  dimensional  property.  However, 
for  an  isotropic  medium  the  one  dimensional  transfer  func- 
tion is  adequate.  It  is  expressed  in  terms  of  spatial 
(angular)  frequency,  in  lines  per  radian,  or  for  convenience, 
in  lines  per  milliradian.  The  spatial  angular  frequency  is 
equal  to  F* f where  F is  the  focal  length  and  f is  the  spatial 
frequency  in  lines  per  unit  length.  The  OTF  of  the  atmos- 
phere describes  the  ability  of  an  optical  system  to  resolve 
images  through  the  atmosphere.  By  reciprocity,  it  describes 
equally  well  the  image  spread,  or  "blur"  for  an  imaging 
system,  or  the  beam  spread  at  a distant  "focus"  for  a beam- 
forming projecting  system. 

The  OTF  is  obtained  here  by  scanning  a slit  across  the 
image  of  a distant  point  object.  The  signal,  thus  obtained, 
is  the  line  spread  function.  The  spatial  frequency  spectrum 
of  a point  object  is  constant  with  frequency,  so  the  spatial 
frequency  spectrum  of  the  image  is  the  OTF,  except  for  the 
effects  of  diffraction,  finite  slit,  and  aberrations  of  the 
telescope,  or  imaging  system.  Under  the  assumption  of 
linearity,  the  image  is  the  convolution  of  the  spread  func- 
tion of  the  telescope  and  that  of  the  atmosphere.  The  tele- 
scope spread  function  is  measured  in  the  laboratory  and 
unfolded  from  the  observed  image  line  spread  function  by 
Fourier  transform  deconvolution.  The  resulting  spatial 
frequency  spectrum  is  thus  that  of  the  atmosphere  alone,  as 
if  observed  with  a perfect  diffractionless  telescope 
(within  the  limitations  of  system  noise). 

Two  sets  of  representative  slit  scanned  image  line 
spread  functions  are  shown  in  Figure  1.  The  turbulence 
level,  as  indicated  by  Cn,  the  turbulence  structure  constant 
for  optical  index,  is  3 x 10~"  m“ 1 / 1 for  the  left-hand 
diagram  and  5.5  x 10-H  m” 1 / 3 for  the  right-hand  diagram,  or 
Cn  of  9 x 10“  1 f’  and  30  x 1 0~  1 ' m~ ' / ' . The  successive  scans 
were  mude  at  a repetition  rate  of  50  Hz  - displaced  verti- 
cally as  a function  of  time  in  Figure  1 for  display.  The 
range  was  4 km  and  the  wavelength  .6328  .mi  laser  light. 

Although  there  is  considerable  random  structure,  the  average 
of  many  images  is  smooth  and  symmetrical.  This  symmetry 
permits  the  modulation  transfer  function  (MTF)  for  the 
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averaged  image  function  to  be  synonymous  with  the  OTF . The 
complex  OTF  then  has  only  a real  part  and  no  imaginary  part, 
and  the  modulus  is  the  same  as  the  function. 

The  mutual  coherence  function  (MCF)  is  also  the  same 
function  as  the  MTF.  As  a result,  the  behavior  of  the 
atmosphere  for  image  resolution  also  yields  information  of 
value  relative  to  coherence  length,  pertinent  also  to  com- 
munications problems.  Although  the  same  quantity  as  MTF, 
the  MCF  is  usually  expressed  in  terms  of  another  variable  , , 
where  p = AFf. 

Two  types  of  line  spread  function  averages  are  useful. 
First,  the  long  exposure,  or  long  term,  average  is  the  aver- 
age shape,  irrespective  of  displacement  of  the  image.  Second, 
if  the  center  of  area  (or  in  some  cases  the  centroid)  is 
calculated  and  centered  before  averaging,  another  average 
curve  is  obtained.  This  will  be  called  the  "short  exposure" 
or  "short  term"  averaged  line  spread  function.  This  line 
spread  function  is  narrower  than  the  long  term  line  spread 
function.  It  has  the  general  width  of  an  actual  short 
exposure,  but  the  random  structure  has  been  averaged  out. 

After  Fourier  deconvolution  to  remove  the  instrument  broad- 
ening, the  Fourier  transforms  of  the  long  term  and  short 
term  line  spread  functions  are  the  curves  of  long  term  and 
short  term  MTF  (or  OTF)  of  the  atmosphere.  Representative 
curves  appear  in  later  figures.  The  shifts,  required  to 
center  each  individual  line  spread  function  to  obtain  the 
short  term  average,  are  stored  in  the  computer.  They  vary 
with  time  as  shown  in  Figure  2.  This  behavior  is  the  "image 
wander"  or  "beam  wander".  The  particular  trace  shown  is 
too  short  to  give  a good  average  value  for  sigma  of  the 
wander  excursion  (the  probable  deviation).  This  segment 
was  chosen  for  Figure  2 because  the  motion  is  suggestive 
of  influence  of  the  ocean  waves  over  which  the  light  was 
propagat i ng . The  value  of  sigma  calculated  by  the  computer 
includes  the  complete  sequence  of  line  spread  functions 
utilized.  The  value  of  sigma  from  the  image  wander  serves 
as  a measure  of  Cn.  According  to  the  theory  of  Fried1  and 
others  the  variance  < of  the  image  wander  is  given, 

for  D • AL,  by: 

<:< 1 > = (2.91)  • (3/8)  ( 1.026)  LD- 1 3 Cn2 

where  L range,  D diameter,  A wavelength.  It  is 
interesting  to  note  that  image  wander  is  independent  of  the 
wavelength  of  the  light  employed. 


i 


i 
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The  shape  of  the  MTF  curves, 


as  given  by  Fried' , is: 


M ( f , z) 


v 4 11  2C  2ZX-1/3 
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(Ff)5/3li- 


(Ff  -,/D) 


1/3, 


where  F = focal  length,  D = aperture  diameter,  f = spatial 
frequency,  Ff  = angular  frequency,  i = 0 in  long-term  or 
1/2  in  far-field  short-term,  or  1 in  near-field  short-term, 
B = 1 in  plane  wave  or  3/8  in  spherical  wave. 

Other  models'  exist  for  the  shape  of  the  MTF  \ curves , but 
the  Fried  model  has  been  utilized  as  it  includes  short  and 
long  term  MTF. 

For  the  long-term  case,  for  which  t = 0,  the  above 
expression  has  the  form: 


For  this  function,  there  is  a useful  relationship  between 
the  spatial  angular  frequency,  (Ff),  , at  which  the  MTF  ., 

and  the  full  width  at  half  maximum, '(  '),  , of  the  line 

spread  function.  This  is: 

(Ff),  • ( 0.  0.40 

7 3 


The  constant  0.40  is  dimensionless,  resulting  from  the 
product  of  lines  pc'  r radian  by  radians.  This  is  useful  for 
cases  of  large  atmospheric  broadening  of  the  image,  where 
the  necessity  for  deconvolving  the  instrument  function 
becomes  re  1 a t i ve 1 y small.  None  of  the  data  reported  in  this 
paper  were  reduct'd  in  this  manner,  but  the  relationship  is 
useful  for  a quick  qualitative  estimate  in  the  field. 

A plot  of  the  observed  short  term  MTF  for  0.4880  . m is 
shown  in  Figure  3.  The  points  arc'  experimental  points  and 
t he  solid  curve  is  a best  fit  theoretical  curve  tor  the' 

Fried  mode  1 , with  C’  and  the  zero  frequency  point  as  uljust- 
nble  parameters.  Trie  measured  zero  frequency  point  is 
undefendable  because  it  represents  tin'  area  under  the  line 
spread  function  and  thus  is  sensitive  to  zero  adjustment. 

The*  line  spread  curves  are  zeroed  in  the  wings  before  cal- 
culation but  still  the  zero  frequency  points  arc'  undepend- 
able. Incidentally,  this  zeroing  drops  out  essentially  all 
of  any  aerosol  scatter  broadening  th.it  might  be  present, 
since  such  scattering  is  expected  to  produce  several  orders 
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of  magnitude  wider  spread,  with  a gaussian  shape. 

Observed  long  term  MTF  values  for  four  wavelengths, 
.4880,  .6328.  1.06,  and  10.6  ,jm  taken  at  essentially  the 
same  time  as  for  Figure  3,  are  shown  in  Figures  4 through  7. 
The  best  fit  curves  are  the  solid  lines,  using  the  Fried 
long  term  model.  The  values  of  Cn  required  for  fit  are 
quoted  in  the  inserts  in  each  figure.  The  short  term  Cn  of 
Figure  3 and  the  long  term  Cn  values  of  Figures  4-7  are  all 
very  close  in  value.  Values  of  Cn  derived  from  image  wander 
are  also  quoted  in  the  inserts  and  are  also  very  close  in 
value.  The  shapes  of  the  curves  are  all  well  fitted  by  the 
Fried  model. 


During  the  measurement  of  Cn  from  MTF,  values  of  Cn 
are  also  obtained  from  three  other  independent  sources, 
for  comparison.  Cn  is  also  obtained  from  CT,  the  turbulence 
structure  constant  for  temperature  fluctuation,  by  measure- 
ments on  board  the  Acania,  located  near  the  optical  path. 

Cn  is  also  obtained  from  C*p  measurements  at  the  receiver  end 
of  the  optical  path.  Cn  is  related  to  CT  by  means  of  the 
relationship4 : 


= ( 


79P 

~w 


io  6 )2  cT2 


Cn  is  obtained  from  scintillation  of  the  intensity  for 
a laser  beam  transmitted  along  the  optical  path,  by  measur- 
ing the  probability  of  occurrence  of  a given  intensity  as 
a function  of  the  logarithm  of  the  intensity.  Such  a prob- 
ability density  curve  is  shown  in  Figure  8. 

The  data  points  are  on-line  processed  as  plotted,  to 
give  the  sigma  of  the  Gaussian  curve  as  a least  squares 
best  fit:  The  solid  line  is  the  calculated  Gaussian  curve. 

C is  obtained  from  sigma  for  the  curve  by  use  of  the 
relationship 4 : 


.2 


,.7/6 


1 1/6 
z 


Use  of  this  method  to  determine  C requires  son.e  caution, 
as  the  v.i  1 ue  of  sigma  will  saturate  and  not  exceed  unity. 

For  very  large  Cn,  (long  path,  or  short  wavelength),  sigma 
can  become  supersaturated  and  gradually  decrease  below  unity. 
However,  operation  at  several  wavelengths  permits  use  of 
scintillation  without  danger  of  error  due  to  saturation.  If 
s i gma  is  well  below  unity  for  the  long  wavelengths,  no 
correction  is  needed.  Sigma  also  depends  on  the  aperture 
size.  Care  must  be  exercised  to  utilize  a small  enough 
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aperture  to  avoid  aperture  averayinq  effects,  or  a correc- 
tion may  be  utilized  to  allow  for  the  effects  of  finite 
aperture.  Friehe‘‘has  pointed  out  that  there  can  be  a 
contribution  to  Cn  from  humidity  fluctuation.  Althouqh 
this  is  often  about  10-20%  of  the  Cn  from  thermal  fluc- 
tuation it  apparently  can  be  larqer.  This  contribution 
was  omitted  here. 

Cn  depends  on  heiqht  above  the  water  for  turbulent 
flow  in  the  marine  boundary  layer.  For  unstable  conditions 
(temperature  decreasinq  with  heiqht  more  rapidly  than  the 
adiabatic  equilibrium  rate)  Cn  varies  as  h“ ! . This 
variation  has  been  verified  optically7.  Because  of  this, 
care  must  be  exercised  to  maintain  constant  heiqht  above 
the  water.  For  ionq  paths,  correction  is  needed,  as  the 
heiqht  varies  due  to  the  earth's  curvature  and  index  qradient 
bending  of  the  liqht  path. 

A comparison  of  Cn„,,  obtained  from  CT  measured  at  the 
ship  located  midway  in  the  optical  path,  with  the  path 
integrated  Cng  obtained  optically  from  scintillation,  is 
shown  in  Figure  9.  In  this  case  the  wind  was  a steady 
northwest  prevailing  wind  with  conditions  essentially 
uniform  along  the  path.  The  agreement  is  satisfactory, 
considering  that  it  is  a comparison  of  a point  observation 
at  the  center  of  the  path  with  a path  integrated  value. 
Agreement  is  often  not  this  good,  presumably  because  the 
wind  vloeity  is  not  uniform  along  the  path. 

A com]  lrison  of  values  of  Cn  from  short  term  MTF , 

■ • .lit  scanning  telescope,  with  values  of  MTF 

measured  with  a shearing  interferometer  is  shown  in  Figure 
10.  The  i wo  t ypes  of  measurements  were  made  simultaneously 
over  very  neirly  the  same  path,  with  the  shearing  inter- 
ferometer me  inurements  made  by  a group  from  Lincoln  Labora- 
tory" . Tlx  points  are  grouped  about  a line  of  unity  slope, 
in  iir.it  ing  esaent  lal  agreement  between  the  two  types  of 
measurement . The  shearing  interferometer  measures  a 
quantity  sli  jht  ly  ditferent  from  that  usually  obtained  with 
t hi'  lit  scanning  telescope.  The  shearing  interferometer 
me  mures  the  average  of  MTF  (modulus)  for  each  scan.  The 
slit  scanning  data  can  be  processed  to  obtain  that  same 
information,  but  is  usually  processed  so  as  to  obtain  the 
average  of  the  OTF (or  equivalently  the  MTF  of  the  average 
line  spread  function).  The  difference  between  the  two 
methods  is  in  prnct ice  very  minor. 

A comparison  of  C’M  obtained  from  short  term  MTF  with 
that  obtained  from  long  term  MTF  is  shown  in  Figure  11. 
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The  points  again  cluster  about  a line  of  unity  slope, 
indicating  the  two  techniques  are  in  essential  agreement. 


A comparison  of  Cn  from  MTF  with  that  from  scintilla- 
tion is  shown  in  Figure  12  for  a 4.04  km  range.  On  this 
path  some  shore  influence  was  present  on  the  telescope  end. 
As  we  will  see  shortly  the  disagreement  of  about  a factor 
of  two,  with  Cn  from  MTF  higher  than  from  scintillation, 
would  be  consistent  with  an  increase  in  Cn  near  the  tele- 
scope due  to  shore  influence. 


A plot  of  the  results  from  a recent  run,  29  July  1976, 
is  shown  in  Figure  13.  The  Acania  was  stationed  at  midpath 
on  a range  of  18.8  km,  measuring  Cn  by  means  of  CT  for 
thermal  fluctuation.  Similar  thermal  measurements  were  made 
at  the  telescope  end  of  the  path  at  the  mobile  lab  on  Point 
Pinos.  The  results  clearly  show  the  diurnal  variation.  It 
was  a clear  day  with  a well  developed  northwest  wind  from 
noon  to  dusk  at  2000.  At  the  mobile  laboratory  end  the  air 
flowed  over  a small  hillock  and  a road,  apparently  contribu- 
ting a high  local  Cn.  This  situation  has  been  corrected  in 
subsequent  runs  (in  progress  at  the  time  of  this  meeting). 
Values  of  Cn  from  MTF  measured  for  various  wavelengths  are 
also  plotted,  in  Figure  13.  Two  points  are  also  plotted 
for  Cn  from  scintillation,  using  a 10.6  urn  laser,  a long 
enough  wavelength  to  avoid  saturation  even  at  this  long 
range . 


The  behavior  shown  in  Figure  13  is  understandable  in 
terms  of  the  weighting  factors  that  apply  when  Cn  is  a 
function  of  position  along  the  path.  For  scintillation 
with  a spherical  wave,  the  integrated  value  of  Cn'  is 
given  by: 
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This  weights  the  contribution  more  heavily  in  the  center 
of  the  path,  as  shown  in  Figure  14.  For  MTF,  for  a 
spherical  wave, 

M ( f ) = exp  1-1.46  k2D5/i  / C 2(z')(  *')  ’ 1 dz' 

This  weights  the  contribution  to  MTF  strongly  it  the  re re l ve i 
end  of  the  optical  path,  as  shown  in  Figure  14. 
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In  view  of  the  weightings  as  indicated  in  Figure  14 
the  Cn  obtained  from  MTF  would  be  expected  to  lie  between 
the  telescope  shore-end  point  values  from  C^p,  and  the  ship 
point  value,  as  observed,  at  least  up  till  dusk  at  2000. 

The  scintillation  values  also  would  be  expected  to  lie 
between  the  values  from  thermal  measurements,  but  below  the 
MTF  Cn  values,  as  is  observed.  After  dusk  the  airflow  was 
irregular  and  reversed  direction  in  some  regions  along  the 
path,  so  that  it  is  not  surprising  that  the  MTF  value  goes 
above  the  thermal  point  values  on  the  ship  and  shore. 

CONCLUSIONS 


The  results  indicate  excellent  agreement  between  the 
Fried  model  and  the  MTF  curve  shape  for  both  short  term 
and  long  term  MTF.  The  behavior  as  a function  of  wave- 
length also  follows  the  Fried  model.  Cn  values  obtained 
from  short  term  MTF,  long  term  MTF,  and  wander  show  internal 
agreement.  Cn  values  obtained  from  MTF  and  wander  are  in 
essential  agreement  with  Cn  values  from  scintillation  and 
point  thermal  measurements,  bearing  in  mind  the  relative 
weightings  that  apply  as  a function  of  path  position  for 
each  of  the  measurements.  Relatively  large  fluctuation  in 
observed  Cn  indicate  the  existence  of  intermi ttency  in 
the  airflow  in  the  marine  boundary  layer. 
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FIGURE  1.  LINE  SPREAD  FUNCTIONS  FOR  TWO  LEVELS  OF 

TURBULENCE.  Left:  C ‘ = 9 x 10~  . Right:  C = 30  x 10  m 
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FIGURE  2.  IMAGE  WANDER  AS  A FUNCTION  O!  TIME. 
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FIGURE  3.  SHORT-TERM  MTF  OF  THE  ATMOSPHERE. 
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FIGURE  6.  LONG-TERM  MTF , 1.06  micrometers 
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FIGURK  9.  COMPARISON  OF  CN  V/ 
along  a 4 km  path,  vs.  CNT  , t 
center . 
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ABSTRACT 

Existing  approaches  for  relating  small  scale  optically  relevant 
turDuience  parameters  to  bulk  parameters  are  examined.  Recent  formu- 
lations for  the  temperature  structure  function  parameter,  C-,?  , based 
>n  overland  observations,  are  compared  with  overwater  (shipboard) 
results.  Considerable  disagreement  occurs  between  the  overland  predic- 
tions and  the  overwater  results  when  stability  conditions  depurd  from 
the  neutral  case.  Overwater  results  exhibiting  intermi t tency  in  furbu- 
.ence  intensities,  which  is  a possible  factor  fox'  the  disagreement,  arc 
examined.  C 2 estimates  computed  from  CL,2  measurements  are  also  com- 
pared with  CJl2  estimates  computed  from  Fleet  Numerical  Weather  Central 
( FNWC ) surfaPe  analyses  and  the  FNWC  diagnostic  boundary  model.  Again, 
little  agreement  is  observed  due  to  the  high  air  temperature  values  r. 
the  FNWC  analyses. 

INTRODUCTION 

Optical  propagation  through  the  atmosphere  is  influenced  by  the 
turbulent  fluctuation  of  velocity'  and  scalar  quantities,  as  well  as 
turbulent  transports  of  aerosols.  Utilization  of  present  and  desig- 
nated future  EO  systems  is  ultimately  related  to  the  capability  of 
describing  several  characteristics  of  the  turbulence  regime  from  rendi. 
predicted  or  measured  parameters,  i.e.,  bulk  parameters.  Unfortuiuarel^ , 
turbulence  parameters  previously  examined  in  most  detail  often  turn  > ‘ , 
at  specific  times,  to  be  viewed  as  not  being  the  most  necessary'  with 
regard  to  existing  EO  systems  and  tactical  requirements.  However, 
successful  formulations  relating  turbulent  characteristics  to  bulk 
parameter's  are  significant  since  analagous  techhiques  can  !*■  applied 
to  descrilx’  other  boundary  layer  characteristics. 

In  this  study,  one  turbulent  parameter  associated  with  projwgat *■  n 
effects  is  examined  with  regard  tc  its  relationship  to  bulk  parameter 
It  is  4 ie  temperature  structure  fun  ction  parameter,  Cj.‘ . CL,2  is.  oj  • ; - 
ally  relevant  because  it  is  the  primary  cont’ ibnt'""  to  the  ref  rat  • iv* 
index  structure  function  parameter,  C , fo*  <'t>*  al  wave  leng‘1  , 

c 2 = (79  x io"f,r/r)?r  2 ( 1 ) 

ri  ! 
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wher v r is  t.\  • bar  metric  pressure  and  T is  the  ambient  temperature. 

,'T  2 is  signi:  leant  because  it  is  the  only  parameter  necessary  u des- 
cribe the  in'-  •!.  it',  of  refractive  index  fluctuations  eve:  those  scale 
which  cent;  hate  to  spatial  an  temporal  denudation  of  light  c iei- 
er.ee  due  to  this.,  and  amplitude  distortion  in  propagating  wave  fronts. 

Equation  (1)  an  approximation  because  it  excludes  humid i ty- 
temperatur  ■.  . ..var  iance  fluctuation  contributions  to  Cr / which  lave 
recently  been  si  town  to  nave  possible  significance  for* ‘optical  wave 
lengths.  (F"ieh'  , ^t  al.  19'/r, ). 

The  marine  boundary  layer  is  the  regime  considered  in  this  exam- 
ination. Bulk  parameters  evaluated  for  estimating  CL,2  are  measured 
wind,  temperature  .and  humidity  profiles.  Also  evaluated  are  Gp2  value.; 
estimated  from  stability  fields  obtained  from  Fleet  Numerical  Weather’ 

Central  (FNWC)  objective  analyses.  Finally,  some  considerations  regun  - 
irig  t his  FNWC  riar  ine  boundary- layer  diagnostic  model  are  presented. 

'ITieoretic.il  considerations  for  estimating  CL, 

'Hie  temperature  structure  function  parameter,  C 2 , is  defined  by 
the  following  expression 

CT2  = [T * (x)  - T’  (x  + r)]Vr  2/3  (2) 

where  T'(x)  and  T'(x  + r)  are  temperature  ilactuations  at  two  points 

separated  by  the  distance  r.  r is  greater  than  the  inner  scale,  ('  , 

but  less  than  the  outer  scale,  L . 

o I 

An  alternate  expression  for  Op2,  which  involves  the  rates  of  dis- 
sipation of  turbulent  kinetic  ener'gy  ( e ) and  temreoatirre  variance  ( x ) 
is 

Gj,2  = 6xc‘1/J  (3) 

where  6 is  an  empirical  constant  with  a value  of  3.20.  This  last  form 
is  the  one  which  enables  indirect  estimates  of  Gp2  to  be  made  from 
me.m  conditions,  since  e and  x can  be  related  to  boundary  layer’  trans- 
I torts  via  balance  expressions. 

Equation  (3)  enters  one  of  the  two  torn  .Aar  the  one-dimension.il 
variance  spectral  expression  for  temperature  actuations,  S,^(k).  In 
the  inertial  subrange: 


aj.(K)  = 

.25 

v k-5/? 

(4) 

ap(K)  = 

.80 

X 

1 

cn 

(S) 

where  I i the  • ne-d imensiorvil  streamwi se  wavt  numler 
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Ttv  ability  tc  estimate  Gj.'  from  bulk  meteorological  descriptions 
i"f >fc nds  on  iu  understanding  or  production  and  dissipation  of  the 
small-scale  turbulent  : 1 lotuations  within  mean  wind,  temperature  and 
humidity  distributions.  Existing  scaling  laws,  validated  for  equilib- 
rium arid  horizontally  homogeneous  conditions,  yield  the  following  em- 
pirical expressions  for  x and  c,  which  define  Op2  on  the  basis  of 
Eq.  (3),  in  terms  of  turbulent  transports  (UA2,  V30  and  V3q), 

eZ/U.,3  = f1(Z/L)  (6) 

xZ/T*2UsV  = f2(Z/L)  (7) 

where 

T.,  = iVT0/U,.. 

.and 

L = - _ 

gK(V36  + TV3q) 

T...  is  the  scaling  temperature , L is  the  Monin  Ubuhkov  stability 
scaling  length  and  Z/L  is  the  stability  parameter.  Both  L and  TA  are 
independent  of  height  in  the  near  surface  constant  flux  layer , 

'v  20-30  meters. 

An  empirical  expression  relating  Gj.2  to  boundary  fluxes  is  ob- 
tained by  direct  substitution  of  Eqs.  (6)  and  (7)  into  Eq.  (3),  viz., 

Gp2  = T*2Z_2/3f3(Z/L)  (8) 

To  relate  C^,2  to  more  readily  available  bulk  parameters,  the 
boundary  fluxes  (-V3V3 , V30  and  V 3q) need  to  be  related  to  mean  wind, 
temp* -nature  and  humidity  gradients.  This  approach  is  based  on  an 
assumed  maintenance  of  the  mean  profiles  by  turbulent  transports,  an 
approach  which  neglects  radiative  heating  .and  cooling.  In  this  regard, 
Z/L  In  been  experimentally  related  the  Richardson  number-,  Ri , 

Z/L  = f4(Ri)  (9) 

where  

q(80  /37.) 

Rl  ___Y 

TOU/3Z; 

f,  (Ri)  is  an  empirical  function  wliich  fwis  been  well  documented  for  t h< 
constant  1 lux  layer  both  over  land  (Businger,  et  al . , 1971). 
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(10) 


has  been  empirically  related  to  the  tempera*  jv>  gradient, 
height  jrid  Richardson  number  as 

V = Z4/3(^)2f5(Ri) 

where  fdRi)  is  an  empirical  function  which  likewise  has  been  well 
documented  for  the  constant  flux  layer  over  land. 

Combining  Eqs.  (8),  (9)  and  (10)  yields  the  following  expression 
for  Cp2,  in  terms  of  gradient  measurements 

CT2  = Z4/3O0/3Z)2fG(Ri)  (11) 

where  f'  (Ri)  is  a function  formed  by  combining  f^CRi)  and  f^(Ri)  in 
Eqs.  (8)  and  (9),  respectively.  f&(Ri)  has  been  determined' b for  the 
overland  constant  flux  layer  and  represents  the  curve  in  Fig.  1 shown 
in  conjunction  with  overland  results.  (Wyngaard,  et  al.,  1971). 


Ri 

Fig.  1.  The  Dimensionless  Temperature-Structure 
Parameter  versus  Richardson  Number. 

Direct  (Eqs.  2 and  4)  and  profile  (Eq.  11)  CL2  determinations  in 
this  study  were  examined  by  plotting  tire  dimensionless  temperature 
1 unction, 

CyVCz42  \36/3Z)?] 

versus  R.i  distribution.  This  defined  the  f P ( R j ) function. 


The  gtnei.il  t elation  for  Cj 2 , Lq.  ( 8 ),  lias  been  r archer  simpli- 
fied so  that  input  requirements1 are  only  single  level  values  of  wind, 
temperature  anu  humidity  in  the  air  along  with  surface  temperature 
values  and  humidity.  (Friehe,  1976).  Such  formulations  require  bull 
• ixcliange  coefficients  for  momentum,  heat  and  humidity.  Friehe  selected 
recent  coefficients  based  on  an  examination  of  numerous  overwatei  it— 
suits.  (Friehe  and  Schmitt,  1976).  Satisfactory  agreement  was 
reported  with  the  overland  formulation  on  the  bases  of  three  sets  of 
overwater  results. 

Frisch  and  Ochs  (1975)  modified  Eq.  (7)  to  examine  CL,2  measure- 
ments above  the  marine  inversion  by  adding  the  height  of  the  marine 
inversion  as  another  scaling  parameter.  They  were  able  to  obtain  a 
reasonable  description  of  observed  height  variation  for  to  levels 
up  to  8/10  the  distance  to  the  rrarine  inversion  base.  For  most  cases, 
the  latter  level  is  above  what  is  considered  to  be  the  constant  flux 
layer. 

An  expression  parallel  to  Eq.  (11)  exists  for  the  specili,  humid- 
ity structure  function  parameter.  C 2,  since  temperature  and  specili. 
humidity  ore  both  passive  scalar  quantities  in  the_turbulent  flow.  In 
such  an  expression,  9q/9Z  , would  simply  replace  30/9Z  in  Eq.  (11), 
which  would  have  the  form 


2 = Z4/3(^)2  f_(Ri) 


q ■ 


l9Z' 


(1. 


t j(Ri)  should  be  similar  to  rt(Ri),  differing  only  by  a constant . 
Overwater  measurements  of  specific  humidity  and  mean  profile  data  ore 
examined  in  this  study. 


Experiments  and  Analysis 

Shipboard  observational  experiments  to  describe  the  small  scale 
properties  of  atmospheric  turbulence  were  performed  aboard  the  Naval 
Postgraduate  School  research  vessel,  ACAN1A,  anchored  off  Pt . Pinos  in 
Monterey  Bay  and  in  the  vicinity  of  the  Channel  Islands,  California. 
Simultaneous  store line  measurements  were  also  made  in  conjunction  with 
tire  Monterey  toy  shipboard  measurements.  The  open  ocean  data  were 
compared  with  FNV'd  results. 

The  shipboard  sensor  arrangement  used  in  all  experiments  appears 
in  fig.  2.  The  Monterey  toy  overwater  measur’ement  locations  and  ttu 
shoreline  measurement  locations  appear1  in  Tig.  3.  The  open-ocean  rrieu  - 
umment  region  and  locations  of  HIWC  grid  points  appear  in  Fig.  *.  1 t 

comparison  purposes,  FNWC  could  estimate  Cn?  only  at  the  indicat 
grid  points,  since  surface  values  of  wind,  temperature  and  humility  ire 
interpolated  to  these  grid  points  ram  reports  in  their'  vicinity.  Un- 
fortunately, some  of  these  grid  point  values  were  influenced  to  ivpoi  t 
from  overland  locations. 
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rig.  3.  Shoreline  Measurement  Locations 

Temperature  L luctuations  were  measured  using  resistance  wire 
bridges  with  platinum  wires.  The  baseband  portion  of  this  system  is 
a balanced  bridge  excited  by  a 3KHz  signal  with  a synchronous  detec- 
tor on  the  output.  The  system  featured  a response  to  temperature 
variations  as  small  as  0.004°C  in  magnitude  and  up  to  1kHz  in  fre- 
quency. Humidity  fluctuations  were  measured  using  Lynun-ALpfo  sensors 
These  devices  consist  of  an  ultra-violet  source  tube  and  detector  Sep- 
arated by  an  .absorbing  air  gap.  Specific  humidities  wore  meu  a;  • . n 
basis  ot  the  absorption  of  ultra-violet  light  by  the  1215A  Lynun-Alpha 
transition  ot  hydrogen  in  water  vapor. 

huh  temperature  and  humidity  fluctuation  data  were  recorded  on 
i lu-chmnel  FM  analog  tape  recorder.  Rail  t ime  readout  on  in 
8-channel  chart  recorder  was  used  to  check  the  quality  of  the  signal: 
from  the  instruments.  The  charts  were  also  used  to  select  the  j'eriods 
inalyzed  tor  tire  investigation. 


FMWC  Grid  (with  Measurement  Region) 


For  analysis,  individual  mean  wind  (U),  mean  temperature  (6)  and 
mean  specific  humidity  (q)  values  were  plotted  on  a logarithmic  scale. 
Then,  best  fit  lines  drawn  through  the  data  points  and  gradient  values 
were  computed  to  define  independent  variables  in  Eq.  (11);  3~/3Z  anc 
3U/3Z.  C,j,2  value  were  computed  from  doth  variance  spectral  analyses 

of  single  temperature  sensor  signals,  cased  on  Eq.  (4),  and  variance 
analyses  of  the  temperature  difference  between  naired  sensors,  Eq.  (2) 
Erie he  (personal  communication)  suggests  that  results  from  the  latter- 
analyses  are  least  influenced  by  signet  contamination  due  to  salt  ac- 
cumulation on  the  wire.  The  nature  cf  the  letter  influences  has  been 
described  by  Schmitt , et.  al.  (1975). 


Dimensionless  Structure  Functi 
temperature  and  specific  H 


a tame tars  ( DS  FP ) 
.r'-  rasultsf 


.overland  determination  of  f-(Ri),  Eq.  (11),  by  Wyngaaixi,  et  al.  (1971). 
Individual  oveiv/ater  results  appear  as  dots  and  averages  of  these  re- 
sults over"  Pi  intervals  of  0.25  appear  as  dots  within  a larger  circle. 

A possible  distribution  for  mean  DSFP  values  is  delineated  by  the 
dashed  line.  Die  error  bar's  are  standard  deviations  from  the  mean 
within  each  interval  and  the  number  at  the  top  of  each  error  bar  is 
the  number  cf  observations  defining  the  mean  value.  Scatter  or  bias 
of  individual  points  from  the  mean  values  were  not  related  to  the  method 
used  to  estimate  C^2,  i.e.,  spectral  analysis  of  single  sensor  signal 
fluctuations,  variance  analyses  of  the  difference  signal  between  paired 
sensors,  or  profile  measurements. 


Fig.  5 Overwater  Results  for  Dimensionless  Temperature 
Structure  Function  Parameter  versus  Richardson 
Number. 


The  two  significant  features  of  the  overwater  results,  relative 
to  overland  results,  are:  (1)  for  unstable  conditions,  Ri  < -5,  mean 

DSFP  values  are  an  order  of  magnitude  less  than  the  overland  values  and 
(2)  mean  DSFP  values  are,  essentially,  independent  of  Ri  for  Ri  < -1.0. 
As  neutral  conditions  (Ri  = 0)  are  approached,  mean  DSFP  values  agree 
satisfactorily  with  the  overland  predictions.  For  stable  conditions 
(Ri  > 0),  mean  DSFP  values  are  higher  than  the  overland  prediction  but 
do  decrease  with  increasing  Ri,  neglecting  a mean  value  defined  by  only 
three  points.  It  should  be  noted  that  Ri  = .21  is  considered  to  be  a 
critical  Richardson  number.  For  Ri  > .21,  Archemedies'  work  retards 
turbulent  fluctuations  to  such  an  extent  that  the  flow  is  not  fully 
turbulent . 
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In  general,  mean  temperature  DSFP  results  In  Fig.  6 are  of  suffic- 
ient quantity  and  represent  a sufficient  numbet  of  separate  experiments 
to  attribute  the  trends  to  properties  of  the  turbulent  regime  in  the 
near  surface  murine  boundary  layer. 

Two  1'easons  for  the  obvious  differences  in  mean  DSFP  magnitudes 
ana  trends  could  be  the  influence  of  tt\e  wave  induced  motion  and  the 
aerodynamically  smooth  property  of  the  surface.  With  regard  to  the 
latter,  several  investigations  of  the  momentum  drag  coefficient  have 
yielded  results  which  imply  that  the  sea  surface,  altfiough  having 
roughness  elements,  is  an  aerodynamically  smooth  surface  to  the  overe 
lying  airflow  for  wind  speeds  up  to  5 msec  . This  is  plausible  be- 
cause the  roughness  elements  move  at  phase  speeds  attributed  to  gravity 
waves.  Such  a condition  would  diminish  the  importance  of  mechanical 
production  (wind  shear)  on  the  intensity  of  turbulence  and  lead  to  a 
regime  influenced  primarily  by  the  temperature  gradient.  This 
appears  to  be  the  case  since  DSFP  values  for  Ri  < —1  are  essentially 
independent  of  Ri.  However,  as  neutral  conditions  are  approached  and 
the  influence  of  mechanical  production  becomes  more  important,  mean 
DSFP  results  approach  values  observed  overland,  i.e.,  in  a turbulent 
regime  influenced  by  an  aerodynamically  rough  surface. 

Higher  mean  DSFP  values  under  stable  conditions  are  most  probably 
due  to  wave  induced  undulations  in  temperature  and  velocity  fields. 

The  wave- induced  fluctuations  are  expected  to  be  more  significant  for 
a stable  regime  since  the  fluctuations  associated  with  the  mean  wind 
shear  are  damped  out.  Wave  influence  on  the  intensity  of  temperature 
fluctuation:,  was  identified  in  overwater  data  for  stable  conditions  bv 
Davidson  (1974). 

The  existence  of  secondary  circulations  and  the  presence  of  the 
waves  are  suspected  to  have  contributed  to  the  scatter  in  the 
DSFP,  along  with  errors  in  determining  30/3Z.  Platform  or  sensor 
influence  is  not  considered  a significant  factor  because  IT  is  a scalar 
•and  also  because  the  temperature  measurements  ore  very  accurate. 

Longer  averaging  times  would  perhaps  have  decreased  the  degree  of 
scatter  but  were  not  used  because  of  the  uncertainty  of  mean  estimates 
for  twenty  minute  averages  was  viewed  to  be  tactically  significant. 

Figure  6 is  included  to  illustrate  temporal  variation  in  Ci 
(determine!  from  paired  sensor  CL  estimates).  Coincident  and  u„ 
traces  in  Fig.  6 are  from  strip  ihart  records  of  analog  RMS  outputs 
10  sec/ time  constants.  Inputs  to  the  RMS  device  were  differences  be- 
tween paired  temperature  and  between  paired  velocity  wires.  Hie 
former  is  directly  propo rtional  tc  Cr-  and  the  latter  is  proportional 
to  uft , since  the  velocity  structure  unction  is  proportional  to  e 3 
and  hence,  to  u}./  (Eq.  6). 
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Fig.  6.  Strip  Chart  Records  of  (from  Gp 

Measurements)  and  U*  (from  e Measurements). 

Significant  C variations  with  a time  scale  of  8-1Q  minutes  appear 
in  the  trace  in  Fi§.  6.  The  variations  in  C do  not  appear  to  be  assoc- 
iated with  variations  in  u,.:  which  also  exhibit  significant  variability. 
Dur’ing  the  observations,  the  8-10  minute  variations  were  associated 
with  secondary  circulations  which  were  manifested  by  surface  windrows. 
Although  not  quantified,  the  equilibrium  status  between  the  waves  and 
overlying  shea;  was  considered  to  have  influenced  the  observed  varia- 
tions . 

Specific  humidity  DSFP  results  from  a limited  number  of  measure- 
ire  nts  appear  in  Fig.  7.  A significant  result  is  that  specific  mean 
humidity  DSFP  values  are  an  order  of  magnitude  less  than  temperature 
DSFP  values  (Fig.  5),  which  was  not  expected  for  these  tvo  scalar’  quan- 
tities. A different  empirical  constant  in  the  universal  spectral  ex- 
pression for  the  specific  humidity  vrould  account  for  some  of  the 
observed  difference.  However,  the  present  uncertainty  in  the  value  of 
this  constant  is  not  large  enough  to  account  for  the  order’  of  magnitude 
difference.  The  limited  number  of  data  points  restricts  interpretation; 
on  the  trends  of  the  mean  values.  The  scatter  is  observed  to  be  as 
large  as  that  for  the  temperature  DSFP 
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Fig.  7.  Overwater  Results  for  the  Dimensionless 
Specific  Humidity  Structure  Function 
versus  Riclvirdson  Number. 


Comparison  of  Measured  C 2 Results  and  C 2 values  obtained  from  ITJWC  : 

n n 


Figure  8 presents  a comparison  of  C 2 results  computed  from  C,  2 
values  obtained  by  FNVJC  surface  analyses  and  by  direct  measurements 
aboard  the  R/V  ACAN1A  for  the  region  and  grid  points  shown  in  Fig.  2. 
The  comparison  is  for  an  experimental  cruise  in  September-October  197f 
The  TNWC  diagnostic  loundary  layer  code  computes  stability  on  the  la,  i. 
of  a stability  parameter  which  is  transformed  to  an  equivalent  Z/L 
value. 


Figure  8 indicates  little  agreement  since  order  of  nvrgnitude  dif- 
ferences occur  witfiout  any  consistency  between  estinutes  and  measure- 
ments. A comparison  with  regard  to  time  of  day  (00Z  and  127.) , sfiowr 
in  Fig.  9,  indicates  that  the  disagreement  is  not  associated  w’th 
nigfit  or  day  analyzed  fields.  In  the  top  panel  of  Fig.  9,  the  FNWC 
uiaiyzed  air-  teinjx.'ratures  are  shown  to  be  always  larger  (up  to  5°C) 
ttian  the  observed  air  temperature.  This  difference  was  enough  t>  cans, 
in  error  in  the  arulyzed  versus  observed  stability  regime  and  aw’  \» 
the  primtry  cause  for  the  C^2  disagreement. 


Fig.  8.  Comparisons  of  C^2  Values  computed  from  Gp2 

Values  Obtained  from  Direct  Shipboard 
Measurements  and  from  FNWC  Analyzed  Surface 
Fields. 


Higher  air  temperatures  most  likely  occurred  in  the  FNWC  anal- 
yzed suface  field  because  overland  observations  were  interpolated  to 
neighboring  over  voter  grid  points  in  the  objective  analysis  procedures. 
This  affected  the  overvater  values  during  both  night  time  (1200Z)  and 
daytime  (00Z)  hours  over  the  comparison  periods. 

Overvater'  versus  shoreline  results: 

A comparison  of  shipboard  and  shoreline  C 2 est  invites  from 
C 2 measurements  is  shown  in  Fig.  10.  The  relStive  positions  of  the 
coincident  measurements  appear  in  Fig.  2 where  the  shoreline  site  is 
on  id:.  Pinos.  The  purpose  of  showing  this  comparison  is  to  illustrate 
that  shoreline  measurements  are  not  sufficient  to  define  the  overvater 
regime  which  has  been  shown  in  the  previous  discussion  to  differ  sig- 
nificantly from  the  overland  regime.  The  overvater-shoreline  differ- 
ence., are  nuni tested  by  the  1 0 3 difference  between  the  coincident  C 2 
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values  as  well  as  the  dirunal  ranges  at  each  location.  Crittenden, 
(la?b)  iiscuss  the  importance  of  these  insults  with  regard  to  inter 
preting  optical  propagation  results  from  overvater  ranges  where  the 
optics  are  shoreline  bused. 
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Observed  (NPS)  and  FNWC  Air  Temperature 
(10  meters)  C 2 Values  versus  Time  of  Day 
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Fig.  10.  Comparison  of  C 2 Results  from  Measurement s 

on  Overwater  ship  (R/V  ACANIA)  and  on  the 
Shore  (see  Fig.  2). 
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0 INCLUSIONS 

Overwater  C-,2  results,  if  scaled  on  the  basis  of  stability 
parameters,  do  nit  coincide  with  the  overland  predictions.  Under 
extremely  unstable  conditions,  R.  < -1,  C^,2  appears  to  depend  only 
on  the  temper'd ture  gradient  and  ^height.  1 Under  near  neutral  con- 
ditions, when  mechanical  turbulence  becomes  more  important,  the 
overwater  results  approach  the  overland  predictions.  The  aero- 
dynamically  smooth  character  of  the  sea  surface  appears  to  oe  tne 
reason  for  these  observed  trends.  Under  stable  conditions,  the 
wave  influence  appears  to  cause  higher  CL2  values  for  a given 
Richardson  number  and  temperature  gradient. 

Scatter  in  overwater  results  can  be  attributed  to  secondary 
circulation  as  well  as  disruptions  in  the  equilibrium  between  the 
overlying  airflow  and  the  wave  field. 

Large  scale  (FNWC)  analyzed  fields  are  not  sufficient  to  define 
stability  regimes  for  estimating  C 2 . This  could  be  unique  to  regions 
influenced  by  overland  observation^  in  objective  analysis  procedures 

One  final  conclusion,  it  is  evident  that  shoreline  measurements 
are  not  sufficient  to  define  the  overwater  regime. 
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A PROGRAM  FOR  EO  SYSTEMS  PERFORMANCE  PREDICTION 
IN  THE  ATMOSPHERE 

R.  F.  Lutomirski  and  A.  R.  Shapiro 
Pacific-Sierra  Research  Corporation 


ABSTRACT 

In  this  paper,  we  outline  a possible  approach  to  obtaining  an  improved 
capability  for  predicting  the  performance  of  electro-optical  (EO)  systems  in 
the  atmosphere.  The  program  is  driven  by  the  needs  of  the  two  potential  users 
of  this  capability:  1)  the  systems  analyst — who  requires  aggregate  synoptic 

conditions  for  many  different  operational  conditions,  and  2)  the  field 
commander — who  requires  short-term,  local  forecasts.  The  degree  of  uncertainty 
in  the  atmospheric  propagation  path  is  a function  of  the  temporal  and  spatial 
extent  of  the  mission  parameters,  and  the  significance  of  these  uncertainties 
depends  on  the  design  parameters  of  the  system.  This  observation  separates 
the  stochastic  from  the  engineering  aspects  of  the  EO  prediction  proglem. 

The  authors  have  shown  that  an  atmospheric  mutual  coherence  function  (MCF) 
exists  not  only  for  the  refractive-index  fluctuations  due  to  turbulence,  but 
also  for  concentrations  of  molecules  and  for  distributions  of  aerosols.  These 
can  be  combined  to  yield  a total  atmospheric  MCF.  The  study  on  which  this 
paper  is  based  has  identified  an  overall  atmospheric  MCF  as  the  single,  most 
applicable  quantity  for  predicting  EO  systems  performance.  Therefore,  in  this 
paper,  we  have  focused  on  the  issues: 

1.  The  applicability  of  the  MCF  as  a uniform  measure  for  describing 
the  atmospheric  interface  of  F.0  systems  performance. 

2.  The  feasibility  of  predicting  the  MCF. 

3.  The  measurements  and  instrumentation  required  for  determining 
the  MCF. 


INTRODUCTION 

The  number  of  weapon  systems  whose  perfo'mance  depends  on  the  propagation 
of  visible  and  infrared  radiation  is  increasing.  The  system  analyst  requires 
means  for  evaluating  alternative  solutions  for  performance  in  the  atmospheric 
environment,  and  the  combat  officer  needs  to  choose  among  available  weapons 
and  battle  plans  in  advance  of  the  engagement.  The  study  on  which  this  paper 
is  based  [1]  addressed  the  problem  of  providing  both  of  them  with  a quantita- 
tive prediction  of  the  probable  limitations  imposed  by  the  anticipated 
atmospheric  conditions  on  the  combat  performance  of  communication  and  sur- 
veillance systems  operating  in  the  visible  to  submillimeter  wavelength  region. 

Performance  prediction  would  be  facilitated  by  a general  measure  of 
propagation  degradation  that  could  be  applied  in  a uniform  manner  to  all  EO 
systems.  An  atmospheric  MCF  which  contains  the  effects  of  turbulence, 
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molecules,  and  aerosols,  and  which  was  used  ir  a previous  analysis  of  the 
OPSATCOM,  has  been  identified  as  the  single,  most  applicable  quantity  for 
predicting  EO  systems  performance.  The  study  therefore  focused  on  three 
questions : 

1.  The  applicability  of  the  atmospheric  MCF  as  a uniform  measure. 

2.  The  feasibility  of  predicting  the  atmospheric  MCF. 

3.  The  measurement  and  instrumentation  required  to  predict  the 
atmospheric  MCF. 

The  Technical  Discussion  of  this  paper  (abstracted  from  Ref.  1)  presents 
an  overview  of  the  effects  of  the  atmosphere  on  EO  systems  performance  and 
the  importance  of  performance  prediction  as  required  by  both  the  systems 
analyst  and  the  field  commander.  The  concept  of  temporal  and  spatial  param- 
eter prediction,  as  driven  by  the  requirements  of  the  mission,  is  developed, 
and  characteristic  values  of  the  parameters  are  presented  for  several  missions. 
The  section  concludes  with  a discussion  of  the  applicability  of  the  atmospheric 
MCF  for  predicting  this  parameter  variation. 

A survey  of  existing  meteorological  facilities  and  data  banks  and  optical 
propagation  measurement  programs  was  also  conducted  during  the  study  [1].  The 
findings  of  this  survey  and  of  the  analytic  studies  were  used  to  arrive  at  a 
tentative  assessment  of  the  utility  and  limitations  of  these  resources  for  EO 
performance  prediction.  In  the  third  section  of  this  paper,  we  present  a 
summary  of  the  results  of  this  assessment,  including  recommendations,  a five- 
year  program  plan,  a PERT  chart,  a task  summary,  and  required  support  cate- 
gories. 


TECHNICAL  DISCUSSION 
ELECTRO-OPTICAL  SYSTEM  PERFORMANCE 

The  parameters  that  determine  the  performance  of  EO  systems  may  be 
classified  in  three  categories:  design,  operational,  and  environmental.  To 

first  order,  the  combat  performance  is  determined  by  the  set  of  parameters 
identified  in  Table  I and  classified  in  the  manner  suggested. 

The  system  analyst  is  concerned  with  predictions  of  the  aggregated  per- 
formance envelope  over  some  statistical  ensemble  of  operational  and  environ- 
mental conditions.  Within  this  context,  tradeoffs  must  be  made  between  cost, 
mission  flexibility,  theatre  specificity,  and  probable  availability.  In 
contrast,  the  field  commander  is  primarily  concerned  with  short-term  battle 
planning.  In  this  context,  the  operational  parameters  are  known  and  usually 
contained  within  a narrow  range.  The  main  uncertainty  is  due  to  the  sensi- 
tivity of  EO  performance  to  normal  fluctuations  in  the  environmental  param- 
eters. Thus,  the  commander's  battle  plans  and  his  choice  of  weapon  systems 
will  be  strongly  influenced  by  the  predicted  meteorological  conditions. 

The  point  of  view  of  the  system  analyst  is  seen  to  be  very  different 
from  that  of  the  field  commander.  The  system  analyst  requires  only  a gross 
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TABLE  I.  PRIMARY  EO  PERFORMANCE  PARAMETERS  BY  TYPE 


Design 

Operational 

Environmental 

Field  of  view 

Geographic  location 

Turbulence 

Aperture 

Time  of  year 

Variable  gaseous 

Focal  length 

Time  of  day 

constituents 

Resolution 

Altitude 

Suspended  particulates 

Radiometric  sensitivity 

Target  and  background 

Haze 

Noise  equivalent  power 

Range 

Fog 

Wavelength  response 

Closing  velocity 

Cloud 

Temporal  response 

Engagement  duration 

Ra  in 

Radiated  power 

Mission  planning  time 

Snow 

Transmitter  beam  width 
Scan  rate 

Time  to  respond 

description  of  the  probability  distribution  of  each  of  the  environmental 
parameters  averaged  over  many  years.  On  the  other  hand,  such  probability 
distributions  may  be  required  for  many  different  combinations  of  operational 
parameters;  e.g.,  location,  time  of  year,  time  of  day,  altitude.  Thus,  the 
apparent  simplicity  evaporates.  The  field  commander  requires  only  a single 
probability  function  for  his  location  and  planned  engagement  scenario. 

Perhaps  an  even  more  significant  difference  between  these  two  users  of 
EO  performance  prediction  is  the  action  to  be  taken.  The  system  analyst  will 
consider  variations  in  the  design  parameters  so  as  to  increase  or  decrease 
the  range  of  operational  and  environmental  parameters  that  may  be  serviced  by 
a single  system.  The  field  commander,  on  the  other  hand,  has  at  his  disposal 
a small  number  of  systems,  each  of  which  is  fixed  in  desig...  The  predicted 
performar  a may  force  him  to  reconfigure  his  battle  plans  (e.g.,  time  of  day) 
to  accommodate  one  or  more  of  these  weapon  systems  or  to  plan  an  engagement 
to  be  conducted  without  the  benefit  of  any  of  them. 

Many  different  EO  systems  have  been  invented  and  many  more  remain  to  be 
invented.  Given  a well  defined  propagation  path,  the  performance  of  any  such 
system  can  be  predicted.  The  principal  problem  is  the  variability  and  conse- 
quent uncertainty  in  the  propagation  path.  The  effect  and  significance  of 
these  variations  in  the  propagation  path  is  a function  of  the  design  param- 
eter. But  the  degree  of  uncertainty  in  the  propagation  path  is  clearly  a 
function  of  the  operational  parameters  and  is  in  no  way  determined  by  the 
design  parameters.  This  observation  permits  a convenient  and  succinct  treat- 
ment of  the  propagation  prediction  requirements  for  all  possible  EO  systems 
in  terms  of  the  operational  characteristics  of  the  missions  in  which  they  are 
to  be  employed. 
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This  approach  (Fig.  1)  separates  the  truly  stochastic  from  the  engineer- 
ing aspect  of  the  problem  of  the  prediction  of  EO  combat  performance.  Imple- 
mentation requires  that  the  relevant  stochastic  properties  of  the  propagation 
path  be  reduced  to  a minimum  and  be  defined  as  a function  of  routinely 
measurable  meteorological  variables.  An  additional  requirement  is  that  these 
meteorologically  derived  variables  which  describe  the  propagation  properties 
be  convenient  for  engineering  calculations  of  performance  given  the  design 
parameters  of  the  EO  system.  Then  these  variables  must  be  chosen  so  as  to 
provide  a practical  bridge  between  the  stochastic  and  engineering  aspects  of 
the  problem.  The  MCF  of  the  atmosphere  is  a good  candidate  for  such  a 
bridging  parameter. 

Since  the  meteorological  forecast  must  interface  with  the  operational 
parameters  (see  Fig.  1),  it  is  necessary  to  specify  the  quantities  of  interest 
and  to  explore  the  range  of  values  that  must  be  considered.  The  dimensions  of 
meteorological  variability  are  time  and  space,  and  their  effect  on  EO  system 
performance  involves  an  integration  over  some  limited  domain  in  both  time  and 
space.  Thus,  the  relevant  mission  operational  parameters  are  those  listed  in 
the  middle  column  of  Table  I which  define  the  temporal  and  spatial  domain. 

EO  systems  nay  be  employed  in  a large  and  disparate  set  of  military 
missions.  However,  a review  of  the  temporal  and  spatial  characteristics  of 
these  missions  suggests  that  they  may  be  treated  by  means  of  a fairly  snail 
set  of  classes.  The  result  of  such  an  investigation  is  presented  in  Table  II. 
Table  II  is  not  intended  as  a final  solution;  it  is  simply  an  example  of  the 
simplification  afforded  by  this  approach.  The  spatial  parameters  are  self- 
explanatory,  but  the  designations  for  the  temporal  parameters  need  amplifica- 
tion. This  is  provided  in  Table  III,  together  with  a brief  description  of 
the  manner  in  which  they  are  to  be  used  to  specify  the  requirements  for 
meteorological  prediction. 

A description  of  the  pertinent  meteorological  variables  that  are 
routinely  observed  by  the  weather  services  of  the  military  services  is  pro- 
vided in  Table  IV.  During  this  study,  we  did  not  establish  a requirement  for 
additional  observations.  This  question  should  be  investigated,  and  is  recom- 
mended as  part  of  the  multi-year  program. 

The  engineering  aspect  of  the  problem  (see  Fig.  1)  requires  the  applica- 
tion of  well  known  techniques  and  relationships.  But  the  large  number  of 
design  parameters  (Table  I)  that  are  available  for  manipulation  precludes  any 
general  solution.  The  various  tradeoffs  in  the  presence  of  an  adverse 
propagation  medium  between  field  of  view,  f/number,  and  spectral  and  temporal 
response  can  be  explored  in  great  detail  once  the  domain  of  operational  param- 
eters is  specified.  The  simple  example  of  the  improved  contrast  provided  by 
range-gating  an  active  EO  system  in  a scattering  medium  suffices  to  illustrate 
the  benefits  that  may  be  realized  by  improvements  in  the  prediction  of  the 
propagation  properties  of  the  atmosphere. 


UNCLASSIFIED 


UNCLASSIFIED 


STOCHASTIC  ASPECT 


ROUTINE 

METEOROLOGICAL 

OBSERVATIONS 


ENGINEERING  ASPECT 


e.g. : 

MCF;  PATH  LUMINANCE 


PROBABILITY  DISTRIBUTION 
FOR  COMBAT  PERFORMANCE 


FIGURE  1.  SCHEMATIC  OF  KO  SYSTEM  COMBAT  PERFORMANCE  PREDICTION 
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TABLE  II.  CHARACTERISTIC  VALUES  FOR  OPERATIONAL  PARAMETERS 
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TABLE  III.  TEMPORAL  OPERATIONAL  PARAMETERS  AND 
PREDICTION  REQUIREMENTS 


Parameter 

Definition 

Prediction  Requirements 

Mission 

Duration 

The  total  period  during  which 
the  system  must  be  available 
for  operation. 

Prediction  must  be  in  terms  of  an 
average  and  variance  for  periods 
of  this  duration. 

Timeliness 

The  time  window  after  a com- 
mand is  given  within  which 
the  system  must  perform  its 
function. 

The  probability  of  an  outage 
whose  duration  is  greater  than 
the  specified  "timeliness"  must 
be  predicted. 

Planning 

Time 

The  time  interval  between  a 
decision  to  employ  the  system 
and  its  employment. 

The  prediction  must  span  a fore- 
cast ahead  from  the  decision  to 
employment . 

Averaging 

Time 

The  time  over  which  the  sys- 
tem integrates  the  incident 
radiation  to  provide  a single 
reading  or  indication  to  the 
ultimate  user. 

The  prediction  must  describe  the 
magnitude  of  those  components  of 
the  temporal  fluctuation  whose 
periods  are  greater  than  the 
"averaging  time." 

TABLE  IV.  PERTINENT  METEOROLOGICAL  VARIABLES  ROUTINELY  OBSERVED 
AND  RECORDED  AT  WEATHER-SERVICE  OBSERVING  SITES 


Time  Interval 


Hourly 


3-  or  6-hourlv 


Variable 


Station  atmospheric  pressure 
Air  temperature  (dry  bulb) 

Dew-point  temperature 
Wet-bulb  temperature 
Relative  humidity 

Total  sky  cover  (fraction  of  sky  covered  by 

Cloud  amount  (fraction  of  each  cloud  layer) 

Cloud  type  and  direction 

Height  of  cloud  base 

Total  opaque  sky  cover 

Sunshine  duration  (few  stations) 

Precipitation  amount 

Visibility  (horizontal) 

Weather  phenomena  (type) 

Obstructions  to  vision  (type) 

Wind  direction 
Wind  speed 
Maximum  wind  speed 

State  of  ground  (wet,  frozen,  etc.) 
Wind-waves  and  swell  height  and  direction 
Water  temperature 
Soil  temperature 
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USE  OF  THE  MCF 

There  are  many  EO  systems  which  can  be  degraded  in  performance  by  the 
atmospherically  induced  loss  of  transverse  coherence  of  radiation.  Examples 
include  coherent  (heterodyned)  communication  systems,  imaging  systems,  and  all 
those  systems  which  depend  on  the  spot  size  of  a laser  beam  that  has  propagated 
along  an  atmospheric  slant  path. 

This  transverse  coherence  loss  is  quantified  by  the  cross-correlation 
function  of  the  fields  in  a direction  transverse  to  the  direction  of  the 
propagation,  which  defines  the  MCF.  By  analyzing  these  systems,  the  degrading 
effect  of  the  atmosphere  can  then  be  expressed  in  many  cases  in  terms  of  the 
atmospheric  MCF. 

It  should  be  recognized  that  the  MCF  is,  by  its  definition,  an  optical 
quantity,  and  is  measurable  by  optical  means  (e.g.,  by  interferometry).  By 
modeling  the  atmosphere,  the  MCF  can  be  approximately  expressed  in  terms  of 
the  turbulence,  molecules,  and  aerosols  in  the  medium,  and  these  models  can 
then  be  used  to  predict  the  effects  of  the  atmosphere  on  these  systems.  How- 
ever, the  dependence  of  the  performance  of  the  systems  on  the  MCF  is  valid 
independent  of  the  accuracy  of  the  atmospheric  models  used  for  estimating  the 
MCF;  as  such,  measurements  of  the  MCF  can  be  used  to  directly  specify  the 
performance  of  these  systems. 

For  prediction  purposes,  the  possible  approaches  for  estimating  system 
degradation  are  to  either  directly  correlate  measurements  of  the  MCF  with 
meteorological  variables  such  as  wind  speed,  humidity,  cloud  cover,  etc.,  or 
to  use  the  approximate  mathematical  expressions  for  the  MCF  in  terms  of  the 
turbulent  temperature  fluctuations,  the  molecular  concentration,  and  the 
aerosol  sizes,  concentrations  and  refractive  indices,  and  to  attempt  to  pre- 
dict the  dependence  of  the  latter  quantities  on  the  gross  meteorological 
variables.  An  example  of  the  first  approach  is  the  attempt  to  predict  visi- 
bility under  different  atmospheric  conditions,  and  an  example  of  the  second  is 
the  prediction  of  turbulence  strengths  or  particle-size  distributions  in 
different  environments.  Both  of  these  approaches  are  of  value;  while  the 
first  approach  is  more  direct  for  EO  systems  applications,  the  second  has  been 
studied  to  a far  greater  extent  by  meteorologists  and  atmospheric  scientists. 

The  thrust  of  the  technical  discussion  of  Ref.  1 (Vol.  II)  was  to  provide 
a description  of  the  atmosphere  sufficient  for  modeling  and  determining  the 
MCF,  and  to  indicate  the  use  of  the  MCF  in  EO  performance  prediction.  The 
summary  of  Ref.  1 presented  a description  of  the  refractive  index  of  the 
atmosphere  sufficient  to  develop  the  main  characteristics  of  propagation 
through  turbulence  and  aerosols,  and  examined  the  assumptions  and  limitations 
in  calculating  the  MCF  for  the  atmospheric  models  developed.  Specific  appli- 
cations included  an  analysis  of  those  EO  systems  that  depend  on  the  propaga- 
tion of  a finite  laser  beam.  The  relation  between  the  laser  irradiance 
distribution  and  the  MCF  was  presented,  and  examples  were  given  for  an  atmo- 
sphere containing  molecules,  turbulence,  and  aerosols.  The  problem  of  single 
large-angle  scattering  was  also  discussed,  and  the  effects  of  the  atmospheric 
turbulence,  molecules,  and  aerosols  on  the  resolution  of  F.O  imaging  systems 
was  considered.  The  overall  modulation  transfer  function  (MTF)  of  the 
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combined  atmosphere- imaging  system,  the  generation  of  path  or  background 
luminance,  and  resultant  reduction  in  apparent  contrast  were  shown  to  be 
directly  related  to  the  overall  atmospheric  MCF.  A discussion  of  the  results 
and  recommendations  for  measurements  were  also  presented. 


SUMMARY 

This  summary  presents  an  outline  of  the  executive  summary  of  our  study  [1], 
The  approach  taken  was  to  identify  deficiencies  and  develop  a multi-year  program 
to  improve  predictions  of  the  combat  performance  of  EO  systems. 

FINDINGS 

1.  There  are  two  potential  users  for  this  capability:  the  system  analyst 

and  the  field  commander.  The  system  analyst  requires  aggregate  synoptic  pre- 
dictions, but  for  many  different  operational  conditions.  The  field  commander 
requires  short-term,  local  forecasts. 

2.  The  atmospheric  MCF  is  the  optical  quantity  most  applicable  to  pre- 
dicting the  performance  of  F0  systems.  The  deficiencies  of  existing  formula- 
tions are  in  evaluating  multiple  large-angle  scattering,  the  variance  under 
stationary  conditions,  and  temporal  fluctuations. 

3.  The  data  requirements  for  MCF  prediction  are  determined  by  the  charac- 
teristic operational  parameters  for  the  missions  in  which  the  EO  system  is  to 
be  employed.  These  were  tentatively  identified  in  Table  II. 

4.  With  regard  to  meteorological  measurements,  the  most  efficient  set 
for  MCF  prediction  is  not  known.  Furthermore,  the  accuracy  required  in 
meteorological  measurements  for  this  purpose  has  not  been  determined.  The 
existing  meteorological  data  bases  do  not  appear  to  contain  all  the  informa- 
tion necessary  to  predict  EO  performance  for  the  field  commander,  and  perhaps 
not  for  the  system  analyst. 

RECOMMENDATIONS 

1.  A five-year  program  with  a budget  of  about  $11  million  is  required  to 
develop,  test,  and  evaluate  an  EO  combat  performance  prediction  capability 
that  will  serve  the  needs  of  both  field  commander  and  system  analyst. 

2.  The  deficiencies  in  current  formulations  of  the  atmospheric  MCF 
should  be  remedied. 

3.  Numerical  experimentation  should  be  employed  to  investigate  the 
utility  of  alternate  meteorological  measurements  and  the  sensitivity  of  F.O 
performance  prediction  to  the  accuracy  of  meteorological  measurements  or  pre- 
dictions. Existing  meteorological  data  bases  should  bo  used  where  possible. 

4.  Investigate  the  development  of  a portable  field  instrument  for  the 
direct  measurement  of  the  atmospheric  MCF. 
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PROGRAM  PLAN 

The  atmospheric  MCF  has  been  identified  as  the  optical  quantity  most 
applicable  to  predicting  the  performance  of  EO  systems.  However,  deficiencies 
have  been  identified  in  the  model  and  the  data  base,  and  the  application  of 
such  a predictor  to  operational  regimes  of  interest  remains  to  be  verified. 

A five-year  plan  has  been  developed  to  provide  the  needed  input.  The  steps 
in  the  plan  are: 

1.  Complete  and  validate  the  model. 

2.  Perform  numerical  experiments  to  analyze  the  sensitivity  of  the  MCF 
to  the  uncertainties  in  the  aerosol  sizes,  concentrations,  etc.,  to  determine 
the  accuracy  with  which  the  meteorological  parameters  must  be  measured. 

3.  Develop  model  atmospheres  that  have  the  temporal  and  spatial  resolu- 
tion necessary  to  predict  the  performance  of  EO  systems  for  various  missions. 

The  model  atmospheres  can  be  generated  by  the  collection  of  suitable  atmo- 
spheric data,  by  model  development,  and  by  direct  measurements  of  the  atmo- 
spheric MCF.  For  several  missions,  the  characteristic  temporal  and  spatial 
scales  of  interest  are  given  in  Table  II. 

4.  Analyze  and  improve  the  data  base. 

5.  Develop  a performance  predictor  for  EO  systems. 

The  program  plan  is  presented  in  Fig.  2 in  the  form  of  a PERT  chart,  and 
is  discribed  in  Table  V.  The  allocation  of  the  fraction  of  the  total  effort 
among  the  major  subobjectives  is  also  provided  in  Table  V.  The  division  of 
resources  is  roughly  25  percent  for  acquiring  specialized  meteorological  data 
25  percent  for  completing  and  validating  the  model  and  defining  the  atmospheric 
sensitivities,  and  50  percent  for  development,  test,  and  evaluation  of  the  EO 
performance  predictor.  Table  VI  provides  a summary  of  the  tasks  which  appear 
on  the  PERT  chart,  and  the  function  of  each  of  five  types  of  support  activity 
that  will  be  required  to  implement  this  program  is  defined  in  Table  VII. 
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FIGURE  2.  PERT  CHART  OF  THE  PROGRAM  PLAN 
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TABLE  V.  FIVE-YEAR  PROGRAM  PLAN.  The  overall  objective 
of  this  plan  is  improved  EO  performance 
prediction. 


Subobj  ec  t ive 

Tasks 

(see  PERT  chart) 

Required 

Resources 

($K) 

Fraction 

of 

Program 

1.  Complete  Model 

1-2,1-3,2-5,3-5,7-11 

485 

.05 

2.  Validate  Model 

3-6,4-10,6-10,10-11 

485 

3.  Sensitivity  Analysis 

3-7,5-9,5-16,11-16 

500 

4.  Variance  of 
Meteorological 
Parameters 

1-4,16-19 

265 

.02 

5.  Spatial  and 
Temporal 
Requirements 

1-8,11-17 

375 

.04 

6.  Spatial  and 
Tempo ral 
Deficiencies 

8-11,9-11 

190 

.02 

7.  Improve  Data  Base 

11-12,12-13,13-14,13-15,14-18, 

15-18,18-19,19-20 

2,950 

.27 

8.  Develop  Performance 
Predictor 

17-19,19-21,20-22,21-22,22-23, 

23-24,24-25,24-26,25-27,26-27, 

27-28 

5,465 

.50 

10,715 

1.0 

TABLE  VI. 


TASK  SUMMARY 


Task  Description 

1-2  Design  laboratory  experiment 

1-3  Develop  MCF  for  large-angle  scatter 

1-4  Analyze  variability  of  meteorological  parameters 

1- 8  Define  EO  system  spatial  and  temporal  requirements 

2- 5  Aerosol  MCF  laboratory  experiment 

3- 5  Propagation  of  radiance,  numerical  model 

3-6  Design  portable  MCF  instrument 

3-7  Analysis  of  temporal  structure  of  MCF  for  "fixed"  meteorological 
cond It  ions 
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TABLE  VI.  (Continued) 


Task 


Description 


4- 10 

5- 9 


5- 16 

6- 10 

7- 11 

8- 11 

9-11 

10-11 

11-12 

11-16 

11- 17 

12- 13 

13- 14 

13- 15 

14- 18 

15- 18 

16- 19 

17- 19 

18- 19 

19- 20 

19- 21 

20- 22 
21-22 

22- 23 

23- 24 

24- 25 

24- 26 

25- 27 

26- 27 

27- 28 


Design  T&E  plan  for  portable  MCF  instrument 

Preliminary  sensitivity  analysis  of  MCF  to  variations  in  meteorological 
conditions 

Laboratory  investigation  of  MCF  sensitivity  to  meteorological  parameters 
Build  portable  MCF  instrument 
Formulate  propagation  model 

Compare  EO  system  requirements  to  meteorological  data  base,  capabili- 
ties, and  plans 

Compare  required  MCF  precision  to  that  in  meteorological  data  base, 
initial  identification  of  deficiencies 

Test  and  evaluate  portable  MCF  instrument 

Formulate  meteorological  measurement  plan 

Refine  sensitivity  analysis:  MCF  as  function  of  meteorological 

parameters 

Refine  EO  spatial  and  temporal  requirements 
Commitment  to  meteorological  measurement  plan 
Acquire  and  install  measurement  facility 
Staff  build-up 

Test  and  evaluate  meteorological  measurement  facility 
Final  measurement  plan 

Refine  model  of  variability  of  meteorological  parameters 
Develop  EO  performance  prediction 
Phase-I  meteorological  measurements 
Analyze  meteorological  data 

Select  representative  EO  system  for  field  testing 
Formulate  Phase-I I meteorological  measurement  plan 
Formulate  EO  system  performance  measurement  plan 
Integrate  meteorological  and  EO  measurement  plans 
Commit  to  Phase  II 

Phase-II  meteorological  measurements 
EO  system  performance  measurements 
Analyze  Phase  II  meteorological  data 
Analyze  F.O  performance  data 

Evaluate  EO  system  performance  prediction  capability 
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TABLE  VII.  REQUIRED  SUPPORT  CATEGORIES 


Support  Category 

Function 

1.  Meteorological  data  base 

Provide  parameter  values  for  EO  per- 
formance predictor 

2.  EO  field  measurements 

Experimental  basis  for  development,  test, 
and  evaluation  of  EO  performance 
prediction 

3.  Facilities 

Support  for  propagation  program 

4.  Analysis 

Development  of  EO  performance  predictor 
and  specification  of  data  input  require- 
ments 

5.  Laboratory 

Support  for  analysis  and  propagation 
program  field  measurements 
, 
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ABSTRACT 

Environmental  sensitivities  of  Electro-Optical  (E-0)  systems  are 
briefly  discussed.  Differences  in  lock-on  ranges  for  television  and 
infrared  acquisition  devices  under  various  weather  conditions,  the 
ability  of  infrared  systems  to  acquire  targets  at  night,  the  ability  of 
microwave  systems  to  acquire  targets  at  night  and  in  adverse  weather 
conditions,  and  the  decided  loss  of  target  resolution  of  microwave 
compared  to  television  systems  are  considered.  It  is  concluded  that  no 
one  type  of  Precision  Guided  Munition  (PGM)  will  be  optimum  for  all 
situations,  and  a mix.  of  different  types  of  PGMs  is  required  to  maximize 
the  potential  for  success. 

Present  methods  of  operational  support  consist  of  forecasts  of 
ceiling  and  visibility.  The  Air  Weather  Service  (AWS)  objective  is  to 
provide  one  weather  parameter  for  each  target,  type  of  weapon,  and  time 
of  day.  This  will  be  accomplished  through  use  of  a matrix  which  speci- 
fies the  probability  of  a clear  1 ine-of-sight  (CLOS)  as  a function  of 
altitude  and  range  for  each  target  and  weapon  system.  These  data  can 
then  be  used  in  target  and  weapon  selection,  and  the  determination  of 
optimum  delivery  tactics. 

The  probability  of  obtaining  a CLOS  may  be  determined  from  a combi- 
nation of  the  probability  of  obtaining  a cloud-free  1 ine-of-sight 
(CFLOS)  and  the  atmospheric  seeability,  a complex  function  of  the 
weather  conditions,  target  contrast,  illumination  and  detection  thresh- 
old of  the  weapon.  Air  Force  activities  which  are  pointed  toward 
attainment  of  this  capability  are  discussed.  AWS's  Environmental 
Technical  Applications  Center  (ETAC)  at  Scott  AFB  can  now  provide  CFLOS 
probabilities  using  synoptic  cloud  observations  for  stations  around  the 
world.  The  use  of  the  3D  Neph  automated  cloud  analysis  in  a statistical 
model  for  predicting  the  probability  of  a CFLOS  between  two  moving 
vehicles  is  presently  under  study.  In  the  near  future,  AWS  will  publish 
the  E-0  Handbook  to  allow  field  forecasters  to  use  and  assess  state-of- 
the-art-  rapid  manual  methods  to  produce  CLOS  probabilities.  ETAC  is 
adapting  radiative  transfer  models  for  automated  prediction  of  target 
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lock-on  ranges  as  part  of  the  weather  support  plan  (WSP)  for  the  TV 
Maverick.  Although  operational  computer-produced  CLOS  forecasts  for  the 
Maverick  are  still  at  least  two  years  in  the  future,  it  is  anticipated 
that  experience  gained  in  this  program  may  be  readily  applied  to  the 
support  of  other  PGMs.  The  status  of  the  E-0  tower  and  its  use  in  pro- 
viding a data  base  for  future  verification  of  CFLOS  and  CLOS  forecasts 
are  discussed.  Plans  for  data  collection  in  denied  areas  are  considered. 

Future  plans  call  for  development  of  a generalized  WSP  for  PGMs. 

This  plan  is  directed  toward  an  AWS  capability  to  support  all  types  of 
TV  guided,  laser  guided,  and  imaging  infrared  guided  weapons. 

AWS  has  initiated  the  development  of  an  operational  dynamic  CFLOS 
model.  This  model  will  be  designed  to  satisfy  many  operational  require- 
ments for  CFLOS  forecasts  and  will  operate  from  real-time  ireteorological 
data  available  at  the  Air  Force  Global  Weather  Central. 

INTRODUCTION 

The  purpose  of  this  paper  is  to  present  our  capabilities  for 
weather  support  to  electro-optical  weapons  systems.  We  will  also 
describe  where  we  are  going  in  developing  our  capabilities  in  this 
support.  In  order  to  provide  a background  for  this  discussion,  we  will 
briefly  describe  the  weather  sensitivities  of  electro-optical  systems. 
From  this  description,  we  can  develop  specific  weather  parameters  which 
the  decisionmaker  needs  in  order  to  improve  the  effectiveness  of  E-0 
systems  employment.  Following  a brief  description  of  current  methods 
of  weather  support,  we  will  describe  these  efforts  which  are  directed 
toward  future  support  concepts. 

The  Air  Weather  Service  has  been  involved  in  support  to  several 
different  types  of  electro-optical  systems  for  several  years.  Much  of 
the  development  effort  in  Air  Weather  Service  is  currently  directed 
toward  two  particular  types  of  E-0  systems:  high  energy  lasers  and 

precision  guided  muni tions  (PGMs). 

We  are  supporting  the  development  of  high  energy  lasers  at  two 
locations.  Our  staff  meteorologists  at  the  Air  Force  Weapons  Lab  are 
performing  weather  studies  in  direct  support  to  the  laser  development  in 
being  there.  Also,  the  Environmental  Technical  Applications  Center  is 
currently  modeling  the  effects  of  clouds  on  laser  weapons  employment. 
However,  the  body  of  this  paper  will  be  primarily  concerned  with  our 
present  and  planned  support  for  PGMs. 

PGM  ENVIRONMENTAL  SENSITIVITIES 

There  are  three  basic  types  of  guidance  systems  employed  on  PGMs. 
These  three  are  the  TV,  the  forward  looking  infrared,  and  the  microwave 
systems.  Once  a target  is  acquired,  either  visually  or  through  use  of 
an  acquisition  sensor,  successful  lock-on  using  any  system  depends  not 
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only  on  the  inherent  contrast  in  the  target-background  scene,  but  also 
on  transmission  of  the  contrast  from  target  to  sensor  through  the  inter- 
vening atmosphere.  Neither  the  TV  or  the  IR  systems  can  see  through 
clouds.  In  addition,  the  contrast  transnission  through  the  atmosphere 
is  degraded  by  haze  and  dust  for  the  TV  system.  For  the  infrared  system 
the  degradation  results  from  water  vapor  and  wet  aerosols.  While  the 
microwave  systems  can  see  through  most  clouds,  they  are  limited  by 
heavy  clouds  and  precipitation.  The  differing  characteristics  of  these 
systems  lead  to  some  significant  employment  decisions.  The  infrared 
systems  can  acquire  targets  at  night  and  microwave  systems  can  acquire 
them  at  night  and  in  adverse  weather  situations.  However,  the  decided 
loss  of  resolution  of  microwave  systems  car.  make  them  unsuitable  for 
identification  of  certain  types  of  targets,  particularly  in  the  close  air 
support  role.  Consequently,  the  TV  guided  systems  will  continue  to  play 
a significant  role  where  target  discrimination  requires  a high  resolution 
in  the  image. 

It  is  generally  known  that  the  probability  of  kill  of  the  guided 
weapons  has  proven  to  be  significantly  greater  than  that  of  the  unguided 
systems.  However,  the  values  obtained  in  combat  and  other  operational 
experience  have  been  substantially  lower  than  those  obtained  in  a control- 
led test  environment.  Results  have  shown  that  the  success  rate  drops 
significantly  in  the  poor  weather  environment.  However,  it  has  also  been 
shown  that  the  wider  variability  of  weather  conditions  in  the  poor  weather 
regimes  has  widened  the  range  in  the  probability  of  kill  in  poor  weather 
areas  as  depicted  by  error  bars  in  Figure  1.  It  is  precisely  this  varia- 
bility which  indicates  that  the  employment  success  rate  can  be  markedly 
enhanced  by  using  forecast  changes  in  weather  in  employment  decisions. 

The  current  thrust  in  our  development  efforts,  then,  is  to  attain  a capa- 
bility to  provide  forecasts  of  those  weather  sensitive  parameters  which 
will  assist  in  optimizing  employment  of  these  weapon  systems. 

Because  of  the  differing  environmental  sensitivities  of  the  various 
weapon  systems,  there  are  significant  differences  in  the  limiting  factors 
for  different  types  of  systems.  For  example,  the  lock-on  ranges  have 
been  found  to  be  greater  for  the  TV  systems  than  for  the  IR  systems  in 
summer  and  in  rural  areas,  while  that  of  the  IR  systems  is  greater  in 
winter  and  in  urban  areas.  These  differences  in  lock-on  range,  combined 
with  differences  in  resolution,  indicate  that  no  one  type  of  PGM  will  be 
optimum  for  all  situations.  A mix  of  different  types  of  PGMs  is  required 
to  maximize  our  potential  for  success. 

OPFRATIONAL  SUPPORT 

Given  a variety  of  available  weapons,  selection  decisions  on  weapons 
systems  must  be  made  at  several  conniand  levels.  Regional  and  seasonal 
variations  in  weather  will  affect  stockpiling  decisions,  while  daily 
variations  will  influence  the  decisions  on  weapons  upload,  target  selec- 
tion, and  delivery  tactics.  These  weather  factors  and  other  decision 
affecting  parameters  combine  in  a complex  fashion  to  determine  the  proba- 
bility of  a given  operation.  For  example,  various  phenomena  combine  to 
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limit  the  employment  of  a TV  guided  weapon  system  (Figure  2).  The 
launch  envelope  for  the  weapon  is  determined  by  aerodynamic  capabilities 
of  the  weapon,  its  delivery  platform,  and  the  range  required  for  warhead 
arming.  Given  what  we  know  about  the  target  and  its  defenses,  we  can 
determine  the  minimum  safe  launch  range.  Finally,  the  base  of  clouds 
and  the  visibility  determine  the  maximum  range  for  target  acquisition 
and  lock-on. 

Present  methods  of  operational  support  consist  of  forecasts  of 
ceiling  and  visibility  which  are  provided  by  staff  weather  officers 
supporting  the  operational  commander.  Although  this  type  of  information 
has  proven  useful  to  our  customer,  we  recognize  that  it  has  inherent 
limitations.  We  believe  that  a more  useful  tool  would  be  a parameter 
which  relates  the  effects  of  clouds  and  visibility  restrictions  directly 
to  the  probability  of  acquiring  and  locking  onto  a target. 

Our  objective  is  to  provide  one  weather  parameter  for  each  target, 
type  of  weapon  and  time  of  day.  One  method  which  can  be  used  is  to 
convert  the  cloud  forecast  into  a probability  of  a cloud-free  line-of- 
sight  to  the  target  for  any  altitude.  However,  the  seeability  or  clear- 
air  lock-on  range  is  a complex  function  of  not  only  the  weather  condi- 
tions, but  also  of  target  contrast,  illumination  and  the  detection 
threshold  of  the  weapon.  We,  therefore,  plan  to  combine  these  parameters 
and  the  cloud-free  1 ine-of-sight  probability  into  a single  parameter 
which  specifies  the  probability  of  a clear  1 ine-of-sight  to  the  target. 

The  weather  data  needed  for  decisions  may  be  presented  in  the  form 
of  a matrix  which  specifies  the  probability  of  a clear  1 ine-of-sight  as 
a function  of  altitude  and  range  for  each  target  and  weapon  system 
(Figure  3).  These  data  can  be  used  in  target  and  weapon  selection,  and 
the  determination  of  optimum  delivery  tactics.  For  the  TV  system,  the 
times  of  day  during  which  the  illumination  exceeds  the  required  threshold 
value  can  also  be  given. 

Objective  and  subjective  probability  methods  and  procedures  are 
available,  have  proven  themselves  operationally , and  combined  with  deci- 
sion theory,  significantly  improve  weather  support.  Proper  verification 
theory  and  procedures  are  also  available  and  have  been  shown  to  be  use- 
ful. AWS  will  actively  pursue  the  systematic  integration  of  probability 
forecasts,  mission  success  indicators,  and  decision  theory  into  all 
aspects  of  weather  support  from  wing/base  level  up  through  sophisticateo 
command  and  control  systems.  The  preferred  method  of  presenting  weather 
information  to  decisionmakers  is  by  mission  success  indicators  (MSI). 

A weather  MSI  (WMSI)  is  the  probability  that  all  stages  of  a mission 
will  have  favorable  weather.  A probability  forecast  is  not  a WMSI  unless 
the  event  is  tailored  to  a specific  decision.  Favorable  weather  is 
defined  by  operational  requirements.  A probability  forecast  of  80'1  for 
weather  better  than  200  and  1/2  is  not  an  MSI  for  the  mission  that  needs 
500  and  1/2.  WMSIs  fall  into  two  categories.  The  first  is  operational 
or  forecast  MSIs  which  are  dependent  on  current  weather,  the  most  recent 
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set  of  forecasts,  and  climatology.  These  would  be  for  an  imminent  date 
and  time,  usually  within  the  next  three  or  four  days.  Planning  or  clima- 
tological WMSIs  are  the  average  prospect  of  favorable  weather  at  a given 
time  of  year  and  time  of  day.  These  are  required  for  optimal  planning. 

WMSIs  link  the  weather  to  the  mission.  The  importance  of  our  SWOs 
in  interacting  with  the  operator  to  determine  and  define  the  mission 
weather  sensitivities  is  fundamental  to  the  implementation  of  a useful 
product  which  will  provide  the  decisionmaker  with  the  weather  informa- 
tion he  needs.  If  an  operation  is  weather  sensitive,  then  that  sensi- 
tivity can  be  quantified.  By  combining  the  weather  information  into  a 
single  number,  we  reduce  comm  and  display  requirements.  The  decision- 
maker has  only  one  number  to  consider  instead  of  trying  to  assess  what  a 
synoptic  map  presentation  and  the  sky  cover/visibility/weather  descrip- 
tion means. 

There  are  more  things  we  should  know  about  MSIs.  First,  they  are 
intrinsically  a tailored  product,  a product  that  is  fitted  to  the  con- 
straints of  a given  mission  or  plan.  Next,  we  must  consider  the  fact 
that  weather  events  are  related  in  both  time  and  space.  This  inter- 
dependency of  weather  events  must  be  factored  into  the  weather  MSI.  AFGL 
is  working  on  this  problem  for  us  through  research  contracts  at  St  Louis 
University  and  National  Weather  Service's  Techniques  Development  Lab. 
Finally,  MSIs  may  be  used  for  simple  single  go/no-go  criteria  or  to 
predict  the  probability  of  success  of  any  one  or  all  of  the  events  of  a 
continuous  multiple  event  scenario  (e.g.,  takeoff,  aerial  refuel,  strike 
a target,  and  recovery). 

Weapons  selection  planning  can  be  assisted  by  MSIs.  In  Figure  4, 
MSIs  are  presented  for  specific  targets,  altitudes  (tactics)  options, 
and  types  of  weapons.  This  information  is  all  based  upon  operator  deter- 
mined threshold  information.  Based  upon  such  thresholds,  the  MSI  array 
shows  the  meteorological  probability  of  success  for  each  weapon  type  and 
tactic.  Any  significant  weather  is  indicated  under  a "problem"  column. 
The  operator  can  consider  the  different  risks  associated  with  different 
delivery  tactics  and  the  store  of  each  weapon  type  available  (iron  bomb, 
TV,  IR,  or  RADAR  guidance,  or  laser  designator)  and  compare  each  MSI  to 
the  critical  probability  to  make  weapon  and  tactics  selection  for  each 
target. 


EFFORTS  TO  OBTAIN  REQUIRED  CAPABILITY 

The  acquisition  of  the  capability  for  probabilistic  real-time  fore- 
casts involves  a very  significant  development  effort.  Our  efforts  are 
being  conducted  on  two  levels.  The  first  level  involves  climatological 
studies  to  provide  data  for  planning.  The  second  area  of  our  development 
effort  involves  the  improvement  of  our  operational  support  capabilities 
to  precision  guided  munitions.  Both  levels  of  effort  are  of  course 
directed  toward  supporting  not  only  PGMs  but  all  types  of  electro-optical 
weapons  systems. 
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Much  of  our  development  effort  is  being  conducted  at  the  Environ- 
mental Technical  Applications  Center,  commonly  known  as  ETAC,  at  Scott 
Air  Force  Base.  The  three-dimensional  nephanalysis  serves  as  a basis 
for  this  effort. 

The  3D-neph  is  an  automated  cloud  analysis  which  uses  all  available 
data  including  surface  weather  reports,  aircraft  reports,  and  meteoro- 
logical satellite  data.  The  use  of  satellite  data  means  that  we  are  no 
longer  dependent  solely  on  surface  weather  reports  in  developing  cloud 
climatology.  The  program  logic  estimates  total  cloud  cover,  cloud  types, 
and  cloud  tops  from  the  satellite  data.  The  3D-neph  is  a high  resolu- 
tion cloud  analysis  performed  on  a 25-nautical  mile  grid  spacing  world- 
wide. This  grid  spacing  is  consistent  with  the  length  scale  of  most 
tactical  decisionmaking.  The  analysis  is  performed  every  three  hours 
for  the  northern  hemisphere  and  every  six  hours  for  the  southern  hemi- 
sphere. The  analysis  divides  the  atmosphere  into  15  layers  from  the 
surface  to  40,000  feet.  The  analysis  fields  are  used  to  initialize  our 
automated  cloud  forecasts,  which  can  also  be  produced  on  a 25-nautical 
mile  grid  for  selected  regions.  The  3D-neph  data  are  forewarded  to  ETAC 
for  use  in  compiling  a cloud  climatology  applicable  to  their  studies  for 
planning. 

ETAC  is  currently  conducting  a study  to  use  the  3D-neph  data  fields 
in  a statistical  model  for  predicting  the  probability  of  a cloud-free 
line-of-sight  between  two  moving  vehicles;  e.g.,  an  intruder  aircraft 
and  an  interceptor  missile.  This  study  has  particular  applicability  to 
the  SAC  mission. 

At  present,  ETAC  provides  cloud-free  line-of-sight  probabilities 
through  use  of  a program  based  on  synoptic  cloud  observations  stored  in 
the  ETAC  data  base  for  stations  around  the  world.  The  model  used  in  this 
program  is  a static  model  as  opposed  to  the  dynamic  model  proposed  for 
the  3D-neph.  However,  it  is  a capability  in  being. 

The  Air  Force  Geophysics  Lab  at  Hanscom  Field  is  also  involved  in 
the  development  effort  for  our  E-0  systems  support.  Iver  Lund's  exten- 
sive studies  of  a three-year  period  of  all-sky  cloud  photographs  taken 
at  Columbia  MO  has  provided  objective  probability  curves  for  predicting 
cloud- free  line-of-sight  as  a function  of  cloud-type  and  cloud-amount 
for  use  in  static  models.  These  results  have  served  as  a basis  fi6r  the 
ETAC  cloud-free  line-of-sight  programs.  AFGL  has  also  performed  an 
exhaustive  study  of  a set  of  1/4  million  observations  of  clear  line-of- 
sight  taken  by  MAC,  SAC,  and  commercial  airline  pilots  during  a five- 
year  period  in  the  1960s  and  is  publishing  a series  of  atlases  of  world- 
wide climatological  cloud-free  line-of-sight  probabilities. 

The  staff  meteorologists  at  the  Air  Force  Weapons  Lab  are  working  on 
the  cloud-free  line-of-sight  problem  for  moving  observers  and  are  also 
performing  detailed  studies  of  the  aerosol  and  optical  turbulence  effects 
of  high-energy  laser  applications. 


Much  of  our  current  effort  at  Headquarters  Air  Weather  Service  is 
directed  toward  development  of  a generalized  WSP  for  PGMs  with  a first 
draft  due  by  the  spring  of  1977.  The  outline  for  the  dirst  draft 
includes  not  only  a section  applicable  to  all  types  of  PGMs,  but  also 
sections  applicable  specifically  to  TV,  laser  guided  and  imaging  IR 
systems.  Annexes  are  anticipated  for  the  TV  infrared  Maverick,  GBU-15 
(SAC  employment),  GBU-15  (TAC  employment),  PAVE  SPIKE,  PAVE  TACK,  laser 
guided  bombs  and  E-0  guided  bombs.  We  have  prepared  a draft  AWS  E-0 
Handbook  for  use  by  our  weather  detachments  supporting  operational  wings. 
This  handbook  is  designed  as  a primer  on  atmospheric  effects  on  PGMs  and 
will  contain  both  rapid  and  more  detailed  manual  methods  of  predicting 
clear  1 ine-of-sight  probabilities.  The  rapid  methods  will  become  avail- 
able to  our  operational  units  with  the  publication  of  Volume  I of  the 
handbook  early  next  year. 


Our  operational  model  development  at  ETAC  is  the  first  phase  of  a 
two-stage  effort  to  develop  a capability  at  the  Air  Force  Global  Weather 
Central  (AFGWC)  for  real-time  forecast  support  to  the  TV  Maverick.  As 
previously  mentioned,  AFGWC  has  recently  initiated  the  development  of  a 
cloud-free  1 ine-of-sight  model  which  will  use  the  cloud  analysis  and 
forecast  products  at  the  AFGWC  (e.g.,  the  3D-neph).  They  will  also  adapt 
current  radiative  transfer  models  for  prediction  of  target  lock-on 
ranges.  The  final  phase  of  the  effort  will  oe  an  evaluation  of  the 
additional  skill  obtained  by  use  of  these  models.  This  development  is  a 
multiyear  effort.  Depending  on  tne  results  of  the  evaluation  and  the 
availability  of  computer  resources,  our  long-range  objective  is  the 
operational  implementation  of  these  models  at  the  AFGWC. 

In  Figure  5,  we  show  how  the  concept  for  semiautomated  operational 
support  is  tied  together.  The  support  cycle  will  be  initiated  when 
operational  wings  submit  a list  of  weapons  and  target  locations  to  the 
AFGWC.  The  operational  cloud-free  1 ine-of-sight  and  clear  1 ine-of-sight 
models  will  predict  cloud-free  1 ine-of-sight  and  clear  1 ine-of-si ght 
parameters  for  each  target  location  using  AFGWC  data  fields.  These 
parameters  will  be  transmitted  to  the  staff  weather  officer  who  will 
combine  them  with  data  on  target  contrast  and  the  resolution  of  the 
acquisition  sensor.  The  product  provided  to  the  operational  decision- 
maker is  the  probability  matrix  for  CLOS  and  lock-on  for  each  target. 

An  important  link  in  development  of  our  capabilities  in  E-0  support 
is  the  relationship  between  standard  meteorological  observables  (ceiling, 
visibility,  wind,  temp,  humidity,  etc)  and  the  operational  decision 
parameters  (cloud-free  line-of-sight  and  clear  1 ine-of-sight) . To  meet 
this  need,  we  plan  to  exploit  data  available  from  the  electro-optical 
tower  facility  at  Wright-Patterson  AFB.  The  E-0  tower  facility  is  an 
avionics  lab  project  designed  for  a real-world  evaluation  of  bread-board 
models  of  electro-optical  systems.  The  wide  variability  in  weather 
conditions  at  Wright-Patterson  AFB  offers  an  opportunity  to  test  these 
systems  in  a wide-ranging  and  realistic  environment.  The  facility  will 
be  fully  instrumented  with  a capability  to  measure  a full  spectrum  of 
both  meteorological  and  optical  properties  of  the  atmosphere. 
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There  is  a dedicated  staff  meteorologist  assigned  to  this  facility 
for  meteorological  support.  We  are  optimistic  about  the  valuable  under- 
standing we  will  obtain  from  this  facility  about  the  impact  of  weather 
on  E-0  systems. 

Looking  to  the  future,  we  are  attempting  to  obtain  the  equipment  to 
obtain  information  to  support  E-0  systems  in  what  would  normally  be  data 
denied  areas.  We  will  briefly  discuss  the  Battlefield  Targeting  Support 
System  (BATSS),  Pre-Strike  Surveillance  Recon  System  (PRESSURS)  and 
Required  Operational  Capabilities  (ROCs)  which  will  be  submitted  by  Air 
Weather  Service  to  our  higher  headquarters.  The  draft  ROC  for  BATSS 
states  the  requirement  for  an  unmanned,  automatic,  surface-based  sensor 
system  to  obtain  essential  weather  data  from  battlefield/target  or  semi- 
permissive  areas.  This  ROC  is  intended  for  AWS  support  of  Army  and  Air 
Force  operations.  The  draft  ROC  for  PRESSURS  states  the  requirement  for 
an  airborne  sensor  system  to  obtain  measurements  of  the  most  critical 
weather  parameters  over  tactical  target  areas  and  semipermissive 
envi ronments . 

The  minimum  essential  performance  characteristics  of  the  ROC  for 
BATSS  call  for  a hand-emplaced  remote  weather  station  capable  of  being 
deployed  by  one  man,  and  an  air-droppable,  ground-empl anted  sensor 
system.  The  minimum  acceptable  weather  parameters  are:  cloud  height/ 

ceiling,  weapon-to-target  visibil ity/seeabil ity,  cloud  cover,  winds, 
precipitation,  pressure,  temperature,  and  humidity.  The  remote  weather 
stations  should  be  capable  of  interrogation,  directly  or  through  a relay, 
by  a master  control  station.  There  is  a need  to  conmunicate , process, 
and  display  these  data  to  Army  and  Air  Force  weathar  personnel  for  input 
to  the  operational  decisionmaking  process.  Interoperability  of  the 
remote  stations  with  the  REMBASS  and/or  Air  Force  tactical  ground  sensor 
systems,  to  include  use  of  communi cation  links,  is  required.  The  optimum 
performance  characteristics  for  the  hand-emplaced  remote  weather  station 
include  the  minimum  essential  parameters  plus  the  detection  of  thunder- 
storms/lightning, state  of  the  ground,  low-level  winds  to  300  meters  AGL, 
and  illumination.  An  air-droppable  ground-empl anted  remote  weather 
station  should  also  be  developed  with  the  same  measurement  capabilities 
as  the  hand-emplaced  station. 

The  minimum  essential  performance  characteristics  of  the  ROC  for 
PRESSURS  call  for  the  capability  to  obtain  cloud  height/ceiling,  weapon- 
to-target  visibility  and  cloud  cover  measurements.  The  target  acquisi- 
tion device  may  be  a TV  camera  operating  in  the  visible  or  near  infrared 
(IR)  spectrum,  or  it  may  be  an  imaging  IR  system  operating  in  the  8-12 
micrometer  region.  Seeability  measurements  are  needed  to  the  nearest  1 
nautical  mile  over  a range  from  1 to  8 nautical  mile.  Data  collection 
will  be  accomplished  through  use  of  remotely  piloted  vehicles. 

SUMMARY 

We  have  outlined  the  present  capabilities  for  weather  support  to 
electro-optical  systems.  This  support  includes  ceiling  and  visibility 


forecasts  and  climatological  cloud-free  1 ine-of-sight  probabilities  upon 
request  for  selected  locations.  The  Electro-Optical  Handbook  will  be 
distributed  to  our  field  units  soon  to  improve  their  capabilities  in  E-0 
support. 

The  future  holds  bright  prospects  for  providing  meaningful  and 
tailored  forecast  products  for  E-0  support.  The  development  of  dynamic 
models  for  clear  1 ine-of-sight  probabilities  will  result  in  a better 
assessment  of  weather  impacts  on  these  systems.  The  data  obtained  in  the 
various  observational  programs  will  enable  us  to  relate  the  clear  1 ine- 
of-sight  directly  to  standard  meteorological  observations.  These  pro- 
grams, along  with  the  model  development  at  ETAC,  are  directed  toward  an 
operational  capability  for  tailored  support  from  the  AFGWC.  The  time 
schedule  for  achieving  cur  objectives  will  depend  on  availability  of 
resources  in  today's  fiscal  climate. 
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THE  CONTENT  AND  SOME  LIMITATIONS  OF 
METEOROLOGICAL  DATA  BASES 
AVAILABLE  FOR  OPTICAL  PROPAGATION  STUDIES  (U) 

by 

Laurence  D.  Mendenhall,  Captain,  USAF 
Electromagnetic  Propagation  Section 
USAF  Environmental  Technical  Applications  Center 
Scott  Air  Force  Base,  Illinois  62225 


Abst  ract 

This  presentation  is  inten led  to  provide  a very  brief  over 
view  of  the  kind  of  meteorological  iata  that  are  availaole 
to  the  DoD  community  to  support  studies  an.:  analyser 
environmental  effects  electro-opti  :a]  . y:  m:  . 

prime  objective  of  this  paper!  t stiraulal  is s ion 

in  the  workshops  to  follow  rather  than  to  stand  as  a je.'i- 
nitive  paper  on  the  subj<  • . ...  quantity  an  th  jual 
of  this  lata  base  will  b<  ii s :uss<  ..  rh  pap<  r : ntain! 
examples  of  errors  inherent  in  s me  of  these  :ata,  as  well 
as  limitations  in  our  ability  to  measure  met«  orological 
quantities,  and  the  impact  such  errors  and  limitati  n:  :an 

have  on  performance  evaluation.  The  emphasis  in  tnir 
paper  is  on  the  USAF  Environmental  Technical  Applieati  ns 
Center  (ETAC)  iata  base,  cut  inherent  errors  an  i limita- 
tions apply  to  meteorological  data  bases  in  general. 
Finally,  we  identify  some  needs  which,  if  fulfilled,  w ... 
enhance  the  ability  of  the  DoD  community  to  predict  th- 
performance  of  electro -optical  systems. 


I nt  rouuction 

This  paper  has  as  its  prime  objective  the  Simulation 
of  iiscussion  on  how  available  meteorological  data  can  be 
use  i In  studies  and  analyses  of  the  performance  of  electro 
ptical  ■systems . Thus,  It  i es  n 1 puri  rl  t rv»  a i a 

■ riprehensive  i irc<  imenl  n th<  sub j :t . .... 

below  are  s me  of  the  problems  encountered  by  the  aut.hr 
an  i other  analysts  at  ULAFETAC  iuring  the  course  of  studio 
and  analyses  of  atmospheric  effects  on  electro-  -ptieal  syc 

■ ms . rh  nal  r3  I su  • i t . thal  mori  atl  nt!  n must  b< 
paid  to  inherent  errors  in  th'-  data  base  before  i rawing 
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conclusions  about  the  performance  of  a particular  system. 
Information  in  this  paper  on  the  content  of  iata  oases  empha- 
sizes the  USAFETAC  iata  base. 

Data  Sources. 

The  meteorological  data  acquired  by  USAFETAC  includes 
surface  and  upper-air  observations  taken  worldwide  and  col- 
lected continuously  by  the  Air  Weather  Service  (AW S)  Auto- 
mated Weather  Network  (AWN)  at  Carswell  AFB , TX.  The  AWN 
receives  these  observations  through  connections  into  nation- 
al and  international  circuits  (Figure  1).  Most  overseas 
observations  are  transmitted  by  the  various  countries  under 
data  exchange  agreements  arranged  through  the  World  Meteor- 
ological Organization  (WMC).  Two  UNIVAC  1108  computers  at 
Carswell  decoue,  audit,  and  distribute  the  observations. 

All  observations  are  transmitted  computer-to-computer  to 
the  Air  Force  Global  Weather  Central  (AFGWC)  at  Offutt  AFB, 
NE.  Here,  they  are  validate  i,  error  checked,  and  reformat- 
ted for  use  at  AFGWC  in  order  to  provide  real-time  oper- 
ational support.  Once  each  day  all  observations  received 
at  AFGWC  are  transmitted  via  the  Advanced  Research  Projects 
Agency  (ARPA)  computer  link  to  USAFETAC  at  Scott  AFB,  IL. 

The  3-D  Nephanalysis  data,  which  are  derived  from  the  Defense 
Meteorological  Satellite  Program  (DMSP)  and  other  data 
sources,. are  mailed  from  AFGWC  to  USAFETAC' s Operating  Loca- 
tion A at  Asheville,  NC  for  processing  and  archival. 

Data  Coverage  Worldwide 

The  following  statistics  are  for  October  1978,  but  they 
provide  meaningful  numbers  which  are  typical  for  all  months 
of  the  year.  The  AWS  Master  Station  Catal  , • ntain;  a 

total  of  13,889  stations  worldwide.  However,  43?5  ’f  these 
stations  did  not  transmit  any  observations  luring  1 'tober 
1978.  In  the  Northern  Hemisphere,  LI,  34  • stal i ns  1 rmally 
report  and  2408  normally  report  in  the  Southern  Hemisphere. 

Of  the  9500-plus  stations  reporting  surface  observation; , 

6586  report  only  at  synoptic  observati  n times.  (00Z,  0-Z, 

06z,  etc.).  About  1600  stations  re|  >r1  every  h ur,  whil< 
only  1300  stations  report  more  than  >ne  type  of  'bse rvati on . 
For.  these  reasons  and  because  r.  >me  staii  ns  operat<  only 
during  daylight  hours,  the  total  observati  n ■ ant  varit  s 
consi  lerably • f rom  hour  to  hour. 

Figure  2 shows  this  observation  count  at  ea.h  Greenwich 
(GMT)  hour  luring  October  _ld7<  . 1’hc  number  f • rvati  is 
receive!  luring  any  one-hour  peri  1 rat..  ; 1' r - a hi,  h 
7323  t > a low  of  1695*  These  numbers  to  not  Includt  , 
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ship  observations.  On  the  average,  USAFETAC  received  about 
3800  ship  observations  per  day. 

There  are  2800  upper-air  stations  worldwide,  which  2204 
of  these  in  the  Northern  Hemisphere.  Of  the  2800  stations 
only  1700  were  active  in  that  they  reported!  at  least  once 
during  October.  The  most  reporting  at  any  one  time  was 
77?-  Most  upper-air  stations  report  only  at  00Z  and  12Z, 
and  a few  report  at  the  intermediate  hours  of  06Z  and  l8z. 

Much  of  the  data  available  to  USAFETAC,  especially  prior 
to  19&5»  actually  belongs  to  the  National  Climatic  Center 
(NCC ) at  Asheville,  NC.  The  period  of  record  of  these  data 
varies  considerably  from  country  to  country  and  with  the 
type  of  data,  but  generally  goes  back  to  the  1940' s.  Scan- 
dinavian data  goes  back  to  1900,  while  Russian  and  Chinese 
observations  commence  in  1932.  Efforts  are  un  u rway  at  NCC 
t.  acquir  ship  observations  . Ln  back  1 18<  . A ; • : nal 

detail  on  the  various  data  sets  and  their  periods  of  ree  r: 
appear  in  the  publication  "Data  Sots  for  Meteorological  lv  - 
search,"  published  in  1975  by  the  National  Center  for 
Atmospheric  Research  (Jenne,  1975). 

Meteorological  Variables  Measure  i 

Table  1 lists  the  atmospheric  elements  measured  at  most 
stations.  Not  all  stations  report  all  of  these  elements, 
however.  For  example,  many  stations  io  not  report  the 
amount  of  cloud  in  each  layer,  but  they  only  report  the 
total  cloud  amount  and  the  amount  of  low  or  middle  cloud. 
Table  2 lists  the  variables  measured  by  an  uppor-air  station 
using  a radiosonde. 

Some  Limitations  ami Inherent  Errors  in  Meteorological  Ob- 

servations 


None  of  the  meteorological  variables  which  are  routine- 
ly measured  include  propagation  elements,  and  some  varia- 
bles are  not  measured  objectively.  From  Table  1 we  see  in 
the  surface  observations  that  two  variables  of  fundamental 
importance  to  most  electromagnetic  propagation  problems, 
cloud  amount  and  visibility,  are  measured  subjectively. 
Runway  visibilities  are  normally  measured  objectively,  i.e 
with  a trans.missometer,  but  arc  generally  only  reporte  i 
for  values  below  about  2 km.  Moreover,  runway  visibili- 
ties are  not  generally  available  in  the  computerized  lata 
base  prior  to  1973,  and  many  events  are 
some  of  the  stations  reporting  h urly. 
runway  visibility  reported  depends  upon 


available  only  for 
However,  since  the 
the  runway  light 
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setting  used  at  the  time  of  the  observation  ani  this  light 
setting  is  not  recorded  anywhere,  these  iata  appear  to  have 
little  or  no  practical  use. 

Table  3 lists  some  of  the  variables  that  affect  an  ob- 
server's report  of  the  prevailing  visibility.  In  recent 
years,  manpower  cuts  at  Air  Force  stations  may  have  further 
reduced  the  validity  of  such  observations  since  an  observer 
no  longer  mans  the  representative  observation  site  at  many 
stations.  The  weather  station  observer  ioes  not  have  an 
unobstructed  view  of  the  horizon  in  all  directions  and  his 
observations  may  suffer.  In  addition,  the  METAR  code,  used 
mostly  in  Europe  by  about  400  stations,  ioes  not  allow  the 
reporting  of  visibilities  above  12  km.  Some  recent  work 
(Hering,  1971;  Reiss,  et  al.,  1976)  show  that  with  pr  p« r 
station  surveys  and  statistical  methods  that  it  is  possible 
to  adjust  the  reported  prevailing  visibilities  to  eliminate 
or  reduce  some  of  the  biases  resulting  from  the  variations 
in  the  type  of  markers  available,  etc. 


Another  problem  arises  with  reporting  visibilities  at 
night.  Observers  must  use  lights  to  estimate  the  visibil- 
ity, but  the  source  intensity  and  size  of  the  light  strongly 
affect  the  visibility  so  measured.  Figure  3 illustrates 
this  fact  by  comparing  the  nighttime  visibility  with  an 
equivalent  daytime  visibility  for  various  source  intensities. 
Shown  also  are  some  actual  observation::  made  by  Bennett  at 
the  Royal  Aircraft  Establishment  and  the  Kew  Observatory  in 
the  1930's.  The  calculations  were  made  using  the  Bouguer- 
Lambert  and  Allard's  laws,  using  a threshold  intensity  for 
the  eye  of  one  lumen/km? . These  curves  indicate  two  things: 
1)  that  one  should  not  mix  nighttime  and  daytime  visibili- 
ties together  when  making  statistical  summaries;  ani  2)  when 
making  transmission  calculations  that  require  surface  visi- 
bilities to  define  the  surface  extinction  coefficient,  as 
in  LOWTRAN,  one  must  correct  a nighttime  visibility  to  an 
equivalent  daytime  value  prior  to  employing  the  model. 


more  problem- 
radi osondes 
the  transmit- 
or  tempo  ru- 
be mis  sc 


Upper-air  observations  are,  in  many  ways, 
prone  than  surface  observations.  First,  most 
cannot  report  each  element  continuously  since 
ter  must  alternate  between  measuring  humidity 
ture.  As  a result,  fine-scale  variations  may 
Second,  to  ierive  winds  the  radiosonde  transmitter  is 
track:' d by  ground  radar  or  radio  direction-finding,  but  the 
accuracies  in  tracking  permit  computation  of  only  average 
wind  values  ver  layers  300-B00  meters  thick  or  more.  This 
averaging  rem  yes  the  turbulent  fluctuations  an:  shear 
zones  that  may  be 


important  t optical  propagation  calcula- 
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tions.  Third,  the  temperature  and  humidity  elements  have 
contribute!  to  the  data  reliability  problem  over  the  years. 
Nearly  every  country  that  makes  radiosonde  observations 
uses  a different  inst  rumer.t  design.  For  example.  Table  4 
shows  some  of  the  humidity  elements  useu  currently  and  in 
the  last  20  years  (Mendenhall,  1974).  The  Unite  i States 
used  a lithium-chloride  element  until  about  19c 1 when  it 
chanced  over  to  a carbon  hycristor.  Naval  radiosonde  sta- 
tions made  the  conversion  several  years  later.  With  the 
chance  in  the  element  came  changes  in  response  time,  accu- 
racy, and  precision.  Then,  as  a result  of  large  errors 
discovered  in  intercomparison  tests  during  Project  BOMEX  in 
the  late  1960's  (Teweles,  1970),  the  National  Weather  Serv- 
ice (NWS)  began  using  a modified  humidity  duct.  The  old 
duct  permitted  indirect  solar  radiation  to  impinge  on  the 
hygristor  resulting  in  errors  of  up  to  50#  in  the  relative 
humidity  measurements  at  high  sun  angles  (Morrissey  and 
Brousaides,  1970).  Such  errors  can  have  an  adverse  impact 
on  the  computed  performance  of  some  infrared  sensors.  For 
example.  Figure  4 shows  the  effect  of  up  .to  a 37 #*  error  in 
humidity  on  the  computed  transmission  in  the  2.95-micron 
band  of  a Defense  Support  Program  sensor  a.s  a function  of 
zenith  angle. 

In  general,  humidity  sensors  become  unreliable  at  cold- 
er temperatures  and  lower  pressures.  Consequently , moot 
countries  do  not  report  humidities  at  heights  above  the 
-40°C  temperature  level.  However,  both  China  and  Russia 
report  humidities  to  the  top  of  the  sounding.  For  many 
years  these  data  were  used  by  people  who  were  unaware  of 
its  gross  error.  Figure  5 (Mendenhall  and  Boesige-r,  1978) 
provides  some  insight  into  just  how  bad  these  values  are. 

The  mixing  ratios  of  two  Russian  stations  are  compared  with 
the  high-quality  frost-point  hygrometer  observations  ob- 
tained by  Mastenbrook  (1968)  at  the  Naval  Research  Labor- 
atory (NRL).  While  the  comparison  is  meaningless  below  the 
tropopause,  the  differences  in  the  stratosphere  are  signifi- 
cant. The  Russian  data  show  consistently  high  values 
(generally  exceeding  100  ppm)  while  there  exists  no  evidence 
from  other  measurements  that  stratospheric  moisture  values 
average  above  about  3 ppm.  Estimates  of  humidities  above 
the  -40°C  temperature  level  are  possible  using  some  recent- 
ly developed  models  (Mendenhall,  et  al.,  1075;  Mendenhall, 
1976). 


Humidity  errors  ranged  from  2.8#  at  3 km  to  a maximum  of 


37#  at  8 km,  then  iecreasing  to  zero 


9 km. 
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A more  serious  problem  with  the  Russian  radiosonde  hu- 
midity data  are  the  apparently  large  errors  that  may  occur 
in  the  troposphere.  We  can  ignore  those  data  above  the 
tropopause  because  we  know  pretty  well  what  the  humidity  is 
in  the  stratosphere.  After  performing  some  research  into 
the  characteristics  of  the  Russian  radiosonde  we  hypothe- 
sized that  perhaps  ascents  through  supercooled  clouds  or  pre- 
cipitation could  cause  either  the  linkage  or  the  humidity 
element  to  freeze  in  place.  To  check  this  hypothesis  we  ran 
a comparison  of  soundings  taken  simultaneously  at  a US  sta- 
tion (Nome,  Alaska)  and  at  a Russian  station  about  POO  km 
across  the  Bering  Strait  (Mendenhall  and  Boesiger,  197b). 
First-,  we  ran  the  comparison  without  regard  to  the  weather 
conditions  at  the  time  of  the  sounding.  The  results,  shown 
in  Figure  6,  reveal  that  the  relative  humidities  reported  by 
the  Russian  radiosonde  are  on  the  average  as  much  as  20, v 
higher  than  those  reported  by  the  US  instrument.  [We  believe 
that  the  US  instrument  in  use  then  (1973)  is  the  more  re- 
liable of  the  two.]  For  these  same  soundings  the  tempera- 
tures, in  the  mean,  differed  by  less  thar.  0.4°C. 

For  further  comparison  we  introduce  i the  constraint  that 
the  Russian  station  must  have  precipitation  occurring  at  the 
time  of  the  sounding,  with  the  US  station  reporting,  over- 
cast or  precipitation.  The  results  of  this  comparis  >n 
appear  in  Figure  7 and  show  even  larger  differences  in  the 
relative  humidities.  At  400  mb,  for  example,  the  Russian 
sounding  gives  an  average  relative  humidity  higher  than 
that  given  by  the  US  sounding.  Also.,  the  standari  ieviati  n 
of  the  Russian  observations  was  considerably  less  than  that 
observed  for  the  US  measurements,  suggesting  a much  m re 
sluggish  response  for  the  former.  The  freezing  ievel  was 
at  or  near  the  surface  for  all  cases  used  here.  A total  of 
18  sounding  pairs  were  used  to  produce  the  data  at  all 
levels,  except  only  five  pairs  were  used  for  the  900-mb 
level.  Finally,  Figure  8 shows  the  results  >btaine:  when 
conditions  were  clear  at  both  stations.  Under  clear  • nii- 
tions  the  two  instruments  produce  similar  results. 

The  significance  of  what  we  have  just  > h wn  is  as  i\  L- 
lows:  First,  regardless  of  which  instrumerg  was  c rr^ct 

(and  probably  neither  was),  si  gnificant  li  f ' ■ renc< -s  exist  ••  j 
which  are  n t real.  Fhese  Iifferences  :ould  < rr  n< 
lead  one  to  predict  that  a certain  system  mi  *ht  p*  rf  . ! 
ferentl y a : t he  two  locati  ns . rond,  tl  • rvati 

iifferences  appear  b<  a fut  t j i f th<  met<  roi  1 ■ 
conditions  themselves,  further  :•  motivating  th<  pr  As 

a footnote,  we  are  continuing  to  investigate  this  pas: : ular 
problem  at  USAFETAC  with  the  hje  M v<  f ‘urther  isatiti  Ty- 
ing the  errors  art-;  letermining  h w t.h>-y  vary  with  weather 
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conditions.  Preliminary  evidence  shows  that  Japanese  sound- 
ings may  possess  similar  problems. 

Problems  with  Data  Sets 


We  have  already  lescribe  i some  of  the  limitations  and 
.inherent  errors  in  meteorological  observations.  Table  5 
lists  the  general  problems  inherent  in  data  sets  of  the 
kind  possessed  at  USAFETAC. 

A large  number  of  the  problems  affecting  the  quality  of 
the  USAFETAC  data  base  have  been  brought  about  by  the  need 
to  automate.  ■'rom  the  early  19^0' s to  about  1965  data  were 
hand-punched  at  Asheville  from  ha r 1-copy  records.  Consider- 
able effort  expended  in  quality  control  resulted  in  a con- 
sistent and  good  quality  data  base.  With  the  advent  of  the 
AWN  in  the  mid  bO's  data  were  taken  from  the  circuits  on 
paper  tapes,  decoded  at  USAFETAC,  an  1 placed  on  magnetic 
tape.  By  1973  lata  were  decoded  and  then  placed  on  magnetic 
tape  directly  at  AFGWC . Problems  encountered  in  the  conver- 
sion to  automation,  especially  from  1970  bo  1973,  resulted 
in  a lot  of  holes  and  erroneous  data  in  the  archive.  This 
situation  deteriorated  further  because  of  the  elimination 
of  most  of  the;  duality  control  efforts  as  a result  of  man- 
power reductions. 

A few  examples  will  serve  to  illustrate  the’  kinds  of 
problems  encountered  with  computer  processing,  of  observa- 
tions. Coding  practices  vary  from  country  to  country  and 
even  within  countries.  For  example,  in  Asian  Russia  the 
7-group  of  the  synoptic  code  contains  IP-hour  precipitation 
amounts  at  0000Z  and  1200Z,  while  in  European  Russia  this 
same'  group  contains  b-hour  precipitation  amounts.  But  the 
ObOOZ  and  l800Z  observations,  contain  IP-hour  precipitation 
amounts.  Sometimes  there  are  errors  in  reporting,  or  in  de- 
coding which  lead  to  gross  errors,  e.g.,  pOO  mm  of  precipi- 
tation at  a station  with  no  history  of  clouds  during  the 
preceding  12  hours.  If  a station  omits  a code  group,  then 
all  subsequent  groups  in  that  report  will  be  decoded  wrong, 
e.g.,  clouds  decoded  as  icw  point,  precipitation  decoded  as 
pressure  change,  etc. 

We  are  attempting,  at  USAFETAC  to  improve  the  quality  of 
our  data  base  through  identification  of  problems  in  the 
daily  processing,  of  incoming  data.  Earlier  this  year  we 
implemented  the  Problem  Identification  Program  (PIP)  which 
detects  class  errors,  for  instance,  errors  produced  by  cod- 
ing changes.  This  program  has  already  been  deemed  a great 
success.  For  example,  the  METAR  reports  contained  missing 
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dew  points  which  the  decoders  interpreted  as  a dew  point  of 
A.8°C.  The  PIP  detected  this  and  this  has  already  been 
corrected  in  the  decoder  software.  The  PIP  also  identified 
that  Canadian  precipitation  amounts  were  not  being  lecoded 
at  all.  Investigation  revealed  this  problem  existed  since 
1974.  The  PIP  identified  a total  of  15  such  problems  in 
the  few  months  of  its  existence. 

Not  mentioned  previously  are  analysis  and  forecast 
fields  produced  on  a grid.  Upper-air  analysis  fields  are 
also  archived  at  USAFETAC,  and  some  forecast  fields  may  be 
in  the  near  future.  Changes  in  analysis  routines  and 
models  will  produce  problems  in  using  these  data  bases. 

Satellite  Data  Base 

We  now  turn  our  attention  to  unconventional  data  bases, 
of  which  the  satellite  data  base  is  the  principal  one.  The 
3DNEPH  (Table  6)  data  base  is  produced  from  processed  visi- 
ble and  infrared  satellite  data,  surface  observations, 
pilot  reports,  and  radiosonde  data  (Coburn,  1971).  The 
data  processors  merge  all  of  these  sources  to  produce  the 
best  estimate  of  the  vercical  and  horizontal  clou  i struc- 
ture. Originally  using  only  DMSP  data,  AFGWC  began  includ- 
ing NOAA  satellite  data  in  the  3DNEPH  during  the  past  year. 
The  USAFETAC  archive  contains  3DNEPH  since  1970,  with 
Southern  Hemisphere  available  only  since  197^. 

As  with  conventional  data  there  are  limitations  in  these 
data  also.  The  satellite  processors  (software)  must  make 
decisions  as  to  what  brightness  or  radiance  level  consti- 
tutes clouds  rather  than  background,  for  instance.  Sea- 
surface  and  ground-surface  temperatures  provide  a reference 
level  to  the  infrared  processor  in  this  regard.  Snow  cover 
may  be  mistaken  for  clouds  by  the  vi ieo  process  r.  T' 
improve  quality  here  a separate  snow  cover  iota  ba:  . .■  - 

te mined  largely  from  conventional  sour.  • . , 1 r querie  i ar.  . 
visible  satellite  data  are  not  used  in  ar  ar  repo  in  rr.  w 
cover.  The  most  reliable  data  in  3DNEFM  is  iota!  -1  u; 
cover.  In  data-dense  areas  th<  amount  :loud  In  each 
layer  is  also  probably  quite  good,  but  ->ver  lata-spars- 
areas  such  as  oceans,  quality  for  elements  t.her  than  4 4 al 
cloud  cover  is  probably  nuite  low. 

Special  Data  Sets 

Table  7 lists  a few  of  the  special  ia4.  a sets  availabi 
through  the  National  Climatic  Center,  Asheville,  NC.  i’hesr 
data  sets  inclu  ie  some  electro-opt icai  measurements,  r ,g . , 
solar  radiation  and  turbidity.  The  s lar  radiation  :ata 
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base  consists  of  hourly  and  daily  solar  radiation  amounts 
for  stations  in  the  US,  Canada,  Pacific  Islands,  and  Ice- 
land, and  go  back  as  far  as  1952.  The  US  network  now  con- 
sists of  121  stations.  However,  these  data  also  contain 
serious  errors,  though,  and  a half-million  dollar  effort  is 
underway  at  NCC  to  clean  up  the  solar  radiation  data.  Fig- 
ure 9 (Jessup,  1974)  shows  a comparison  of  the  response  of 
three  different  pyranometers  with  the  traveling  standard. 

'Turbidity  data  from  1971  to  the  present  are  available 
for  about  60  global  stations.  In  1973>  this  network  con- 
sisted of  80  stations,  50  of  them  in  the  US.  These  data  may 
also  contain  serious  errors  due  to  calibration  problems  and 
the  lack  of  properly  trained  and  motivated  personnel  to  take 
the  observations. 

Hourly  precipitation  data  are  available  for  North  Amer- 
ica, several  Central  American  countries,  and  for  some  of 
the  islands  beginning  in  July  1948. 

Weather  radar  data  are  available  only  for  the  US  and 
consist  mostly  of  PPI  photos  taken  at  several  elevation 
angles  several  times  each  hour.  Since  about  1974,  quanti- 
tative digitized  data  are  available  for  four  National 
Weather  Service  stations. 

Ozone  data  consist  of  measurements  taken  in  balloon 
ascents  made  at  13  North  American  stations  in  the  AFCRL 
(now  AFGL)  Ozone  son  ie  network  'or  the  perio  : January  IX  3 
May  i >69.  A3  ..  L Naval  Research  Lai  rat  ry  ha:  made 
nt!  1 y unding!  at  Wa  shingt  • . , )C  sinc<  1.964 . A Ltional 
s 'Un.iine  iota  a'1'-'  available  from  several  satellites. 

An  extremely  large  volume  of  various  kinds  of  nata  are 
avaj  Labl<  f r >m  th<  va  rious  satellites.  A i publication 
f the  Not.j  mal  Space  Science  Data  Center  (NSSDC)  gives  a 
compilation  of  the  satellite  an:  instrument  programs  of  the 
Unite  1 States,  Russia,  United  Kingdom,  an  i France. 


A in  re  comprehensive  listing  of  meteorological  lata  set: 
appear;-  in  a rec-nt  locument  published  by  the  National  Cen- 
ter 'or  Atmospheric  Research  entitled,  "Data  Sets  for 
Mi !te  • i - : ! Research"  ( Jenne,  1 >75)  • A similar  WMl  : n - 

licali  in  lists  lata  suitable  f r computer  processing  f r 
various  countries  (WHO,  1972). 


Nee  is 


This  brief’  review  of  nata  bases  an o some  of  t.he  inher- 
ent limitations  thereof  serves  t - identify  some  basic  needs 
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(Table  0).  A principal  obstacle  in  the  way  of  providing 
quantitative  estimates  on  errors  in  data  is  the  lack  of 
information  on  the  instrumentation  used  by  the  various 
countries.  Aperiodically , the  WMO  (WMO , 1973)  conducts 
surveys  but  these  surveys  need  to  be  done  routinely.  More 
effort  must  oe  expended  on  quality  control  of  the  data  base, 
with  additional  sophistication  of  programs  like  PIP.  Also 
needed  are  intercomparisons  between  instruments  as  was  done 
in  BOMEX  and  GARP.  To  permit  better  assessment  of  electro- 
optical  systems  performance,  more  use  should  be  made  of 
special  electro-optical  measurements.  An  inventory  of 
these  should  be  male  to  permit  ready  access  in  modeling 
work.  Finally,  better  meteorological  measurements  need  to 
be  made  during  field  tests  of  electro-optical  systems. 

Conclusions 

A considerable  amount  of  data  are  available  for  use  in 
studies  and  analyses  of  weapons  systems  performance.  The 
quality  of  these  data  is  another  matter.  We  have  seen  that 
serious  errors  may  exist.  Researchers  and  analysts  must 
pay  more  attention  to  the  errors  inherent  in  the  meteoro- 
logical data  and  the  impact  these  errors  have  on  the  results 
of  studies  on  the  performance  of  electro-optical  systems. 
Also,  much  work  remains  to  relate  the  meteorological  data 
to  optical  and  other  propagation  quantities  pertinent  to 
electro-optical  systems  performance.  Special  measurements, 
such  as  those  being  made  in  OPAQUE,  should  help  in  this 
regard . 
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TABLE  I] 


I.  TYPE  OF  DATA  REPORTED  IN  A SURFACE  OBSERVATION. 

Surface 

Temperature 
Dew  Point 
Pressure 

Wind  Direction,  Speed 

Visibility- 

Clouds 

Total  Cover 

Total  Low  or  Middle 

Height  of  Low  or  Middle 

Type  of  Low,  Middle,  High 

Ceiling  Height  (not  all  stations) 

Present  Weather 

Precipitation  Amount  (6  hourly) 

Depth  of  Snow  on  Ground 
Waves 

Period 

Height 

Direction 


. TYPE  OF  DATA  REPORTED  IN  AN  UPPER-AIR  OBSERVATION. 

Pressure 

Temperature 

Relative  Humidity  (dew  point) 

Wind  Direction  and  Speed 

Vertical  Coverage:  Surface  to  ~ JO  Km 
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TABLE  III.  VARIABLES  THAT  ENTER  INTO  A 
PREVAILING  VISIBILITY  OBSERVATION. 

Availability  of  Markers  at  Various  Ranges 

Type  of  Objects  Used  as  Markers  (trees, 
poles,  towers,  hills,  etc.) 

Size  of  Object 

Observers  Eye  Characteristics  (contrast 
threshold,  sensitivity,  etc.) 

■ Illumination  Level 

Light  Intensity 

Sun  Angle 


TABLE  IV.  SOME  HUMIDITY  SENSORS  USED  RECENTLY  IN 
RADIOSONDES . 


Lithium  Chloride 

Carbon  Hygristor 

Human  Hair 
Rolled 
St raight 

Goldbeater  Skin 

Capacitance  (hum leap) 


(U.S.) 
(U.S.  ) 
(Europe ) 


(USSR,  Europe) 
(Finland) 


TABLE  V.  PROBLEMS  WITH  DATA  SETS. 

Raw  Observations 

Different  Instrumentation  Country  To  Country 

Continuous  Changes  in  Instrumentation  — Accuracy 
Changes  With  Time 

Code  Variations  Country  To  Country  and  Intra- 
Count  ry 

Code  Changes 

Missing  Observations  or  Elements 
Processed  Data  (analysis  and  forecast  fields) 

Changes  in  Models 
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TABLE  VI.  SATELLITE  DATA  BASE  ( 3DMT’PiI ) . 

Northern  Hemisphere 
Southern  Hemisphere 
Every  3 Hours 
Grid  ~ 48  Km  (at  45  °N) 

13  Layers  (surface  to  17  km) 

Type  of  Low,  Middle,  and  High  Clouus 

Present  Weather 

Maximum  Cloud  Top 

Minimum  Clou  1 Base 

Total  Cloud  Cover 

Amount  of  Clouds  in  Each  Layer 

TABLE  VII.  SPECIAL  DATA  SETS. 

Solar  Radiation 
Turbidity 

Hourly  Precipitation 

Weather  Ra  iar 
Photos 
Digitized 

Ozone 

Satellite 

Inf rare i 
ERTS 

Soil  Temperature 
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TABLE  VIII.  NEEDS. 

Inventory  of  Instrumentation  Accuracies 
(Continuously  Updated) 

Surface 
Upper  Air 
Satellite 

Additional  Quality  Control 

Inventory  of  Electro-Optical  Measurements 

Better  Meteorological  Measurements  Durinp. 
Electro-Optical  Field  Tests 
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DEVELOPMENT  OF  NEW  METEOROLOGICAL  SERVICES  FOR  EO  SYSTEMS 

Lothar  H,  Ruhnke 
Naval  Research  Laboratory 
Washington,  DC  20375 


Two  years  ago  the  Navy,  through  the  Electrooptics 
Council  recognized  the  need  to  survey  its  research  and  de- 
velopment efforts  in  regard  to  meteorological  services  for 
supporting  Navy  EO  systems.  As  a result  service  needs  were 
defined,  existing  relevant  R&D  projects  identified  and 
through  a Navy  wide  effort  a plan  evolved  to  develop  a new 
service  capability  in  meteorology.  On  October  28  of  this 
year  the  Navy  Material  Command  established  the  Electrooptics 
Meteorology  (EOMET)  Project  within  its  Exploratory  Develop- 
ment Program.  Simultaneously  the  Office  of  Naval  Research, 
as  well  as  relevant  program  offices  were  asked  to  comple- 
ment the  EOMET  Program  with  appropriate  basic  research  and 
advanced  development  projects.  An  overview  of  existing 
Navy  projects  with  their  EOMET  relevant  budgets  is  shown 
in  Table  I. 


Project 

Table  I 
Sponsor 

Category 

FY77 

Funding 

EOMET 

NAVMAT 

6.2 

500K 

Marine  Fog 

AIR370 

6.1 

500K 

Atm.  Sciences 

ONRAOO 

6.1 

100K 

Optical  Signature  Program 

NAVMAT 

6.2 

400K 

HEL 

PMS405 

6.3 

1000K 

In  tlie  objectives  of 

the 

EOMET  Prog 

ram  three  types 

; of  users 

are  identified  which 

need 

services 

on  the  propagat 

i on  en - 

vironment.  These  are  EO  equipment  and  svstems  developers, 
deployment  planners  and  fleet  users  Because  electrooptics 
and  atmospheric  sciences  must  interact  strongly  within  the 
EOMET  Program,  because  competence  in  this  area  of  research 
is  spread  over  several  Navv  laboratories  and  because  of 
a rather  complex  management  infrastructure  below  the  level 
of  Assistant  Secretary  of  the  Navy  for  RifvD,  the  management 
plan  for  EOMET  is  also  rather  complex  It  involves  NAVAIR 
as  executive  agent,  an  advisorv  group  of  Navv  managers 
which  have  responsibilities  for  related  protects,  and  a 
planning  panel  of  laboratory  scientists. 
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The  problems  we  are  facing  at  present  can  be  best 
categorized  through  the  project  logic  (Fig.  1)  Basic 
research  on  progagation  both  through  modeling  and  experi- 
mentation will  be  the  building  block  for  performance  assess- 
ments of  all  EO  systems.  Together  with  good  descriptions 
of  system  characteristics  performance  models  will  describe 
limitations  imposed  by  the  environment.  Such  performance 
models  together  with  statistical  data  on  the  atmospheric 
state  can  be  used  to  derive  R&D  requirements  for  the  meteor- 
ological community  Not  only  is  it  important  to  single 
out  these  atmospheric  parameters  which  need  special  atten- 
tion like  water  vanor,  turbulence  and  aerosol,  but  it  is 
extremely  important  to  specify  needed  accuracy,  range, 
sensitivity,  and  resolution.  Although  e.g.  aerosol  con- 
centration is  very  influencial  to  the  performance  of  EO 
systems,  it  it  not  yet  determined  what  resolution  in  the 
size  spectrum  is  needed.  For  research  purposes  we  use 
an  instrument  with  32  size  classes,  but  for  establishing 
a climatology  for  operational  use  such  instruments  are 
prohibitive  if  economy  and  technical  complexity  have  to 
be  considered  These  sensitivity  analyses  will  not  onlv 
guide  developers  of  new  meteorological  instrumentation 
but  also  will  set  requirements  on  field  experimentation, 
which  often,  when  assuming  a Navv  environment,  leads  to 
costly  operations  at  sea.  Most  of  the  data  needed  in  sup- 
port of  EO  systems  is  not  now  readily  available  from  direct 
measurements  and  in  the  near  future  will  be  available  only 
with  great  difficulties.  A prediction  based  on  conven- 
tional meteorological  data  and  computer  models  for  some 
of  the  meteorological  processes  will  likely  be  the  alterna- 
tive At  present  the  establishment  of  a statistical  data 
base  for  ocean  users  is  only  feasible  by  modeling  Aerosol 
extinction  coefficients,  optical  turbulence  parameters, 
heat  and  vapor  fluxes  or  inversion  heights  are  feasible 
parameters  to  be  derived  from  svnoptic  scale  variables 
like  wind,  pressure,  sea  surface  temperature  and  relative 
humidity . 

The  EOMET  Project  content  (Table  II)  can  easily  be 
used  to  discuss  some  of  the  pertinent  problems  this  project 
faces  at  present. 
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Table  II.  EOMET  Project  Content 

Propagation  Modeling  and  Experimentation 

Performance  Modeling  and  Experimentation 

Sensitivity  Analysis 

Instrument  Development 

Climatology 

Real-time  Support 

Forecasting 

Propagation  Research 

At  present  basic  propagation  phvsics  is  studied  under 
support  by  the  High  Energy  Laser  Program  Office.  Because 
of  the  applied  aspect  of  this  program  onlv  selected  research 
topics  can  be  investigated  A Scanning  Micholson  Interfer- 
ometer is  used  to  verify  by  experiment  with  0.1  wavenumber 
resolution  a number  of  calculated  absorption  lines  in  wave 
bands  of  importance  to  high  energy  laser  applications. 

What  is  needed  is  a comprehensive  study  of  propagation 
physics  to  establish  a research  base  for  assessing  performance 
of  all  possible  Navy  EO  systems  with  support  from  basic 
research  funds 

Numerical  propagation  modeling  has  been  advanced  sub- 
stantially by  AFGL.  Improvements  are  needed,  however, 
for  Navy  environments.  In  the  Mediterranean  Sea  in  the 
path  from  the  ship's  bridge  to  a ship  at  the  horizon  one 
has  to  penetrate  60  cm  of  precipitable  water  leading  to 
a 17o  transmission  case  in  the  10  to  12  micron  IR  band  in 
the  absence  of  aerosol.  Considering  further  a highly  vari- 
able aerosol  and  median  visible  ranges  of  10  km  near  the 
sea  surface,  one  has  also  to  consider  that  aerosol  is  of 
very  high  importance  as  a limiting  parameter  to  photonic 
and  IR  systems  Propagation  algorithms,  which  take  aerosols 
into  account  need  to  be  flexible  enough  to  accent  either 
aerosol  data  as  inputs  or  suitable  secondary  parameters 
like  visibility,  wind,  or  relative  humidity  as  the  avail- 
ability of  data  demands  Rome  standardization  seems  appro- 
priate to  treat  input  parameters. 

Performance  Modeling 

Propagation  codes  bv  themselves  are  not  sufficient 
to  predict  performance  of  specific  EO  systems.  Prorogation 
codes  as  building  blocks  together  with  svstems  characteristics 
and  target  signatures  must  be  used  to  develop  numerical 
performance  models.  A necessity  is  a good  definition  of 
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performance  For  operational  use  a standardization  of 
meteorological  input  parameters  would  be  helpful. 

Sensitivity  Analysis 

To  set  requirements  on  the  meteorological  communities 
it  is  needed  to  study  performance  of  most  EO  systems  under 
development  Problems  arise  because  almost  no  performance 
definitions  exist  nor  a good  sample  description  of  the 
environment  over  the  ocean  surface. 

Instrument  Development 

Requirements  for  sensing  remotely  the  atmospheric 
boundary  layer  exist  for  water  vapor,  aerosol,  temperature 
inversions  and  optical  turbulence.  At  a recent  Navy  Workshop 
(9  August  1976  in  Vail,  Colorado)  remote  sensing  needs 
and  possible  techniques  were  discussed  in  detail.  It  seems 
that  there  are  ample  options  open  with  more  solutions  than 
problems.  Technology  transfer  from  research  to  applications, 
however,  seems  fairlv  costly  and  delays  are  therefore 
standard  practices. 

Problems  on  shipboard  in-situ  instrumentation  are 
mainly  concerned  with  IR  transmi ssometry , aerosol  spectros- 
copy and  visibility  instrumentation. 

Some  satellite  based  measurements  seem  feasible  and 
need  exploration  There  are  measurements  or  aerosol  loading 
by  albedo  measurements  over  cloud-free  water  areas,  micro- 
wave  and  IR  radiative  surface  temperature  measurements 
and  microwave  sensors  of  white  caps  as  a measure  of  aerosol 
sources . 

Field  Measurements 

High  cost  in  return  for  a sparse  data  fliix  are  the 
main  problems  with  field  investigations.  Some  field  work, 
however,  is  unavoidable  and  will  he  carried  out  at  fixed 
stations,  representative  of  ocean  climate,  on  research 
expeditions  for  verification  experiments  of  theories  and 
prediction  modeling,  and  through  ships  of  opportunities 
to  collect  climatology  data. 

Meteorological  Processes 

The  main  problem  in  this  area  is  the  prediction  of 
aerosol  size  spectrums  and  extinction  coefficients  from 
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data  on  relative  humidity,  visibility,  wind  and  other  avail- 
able meteorological  variables.  For  dry  and  calm  conditions 
visibility  informations  and  an  assumption  of  a model  size 
distribution  are  probably  sufficient.  At  high  winds  (>7m/ 
sec)  aerosol  production  by  white  caps  needs  to  be  considered. 
At  relative  humiditeis  above  807a  aerosol  growth  is  an  added 
factor  At  saturation,  rate  of  change  of  relative  humidity 
has  to  be  incorporated  in  prediction  codes  for  proper  esti- 
mates of  size  distributions  in  haze,  fog  and  stratus  condi- 
tions. Rate  of  change  of  relative  humidity  can  be  modeled 
by  considering  heat  and  vapor  fluxes,  A connection  of 
these  exists  to  the  mean  wind  flow,  the  surface  temperature 
and  inversion  height,  all  parameters  which  are  available 
from  synoptic  scale  data.  So  the  problem  of  predicting 
microscale  and  optical  properties  from  conventional  weather 
data  seems  solvable  Optical  turbulence  can  similarlv 
be  predicted  from  mean  winds,  temperature  stability  and 
surface  conditions. 

Climatology 

In  time  statistical  data  on  a few  important  parameters 
like  aerosol  and  optical  turbulence  need  to  be  collected 
for  design  and  deployment  decisions  on  EO  systems.  It 
is  important  to  agree  early  on  what  specific  data  should 
be  stored  At  present  it  seems  that  the  extinction  coef- 
ficient in  the  visible  eg.  the  visible  range  is  a sufficient 
parameter  to  describe  the  aerosol  condition  climatologically . 
Should  it  become  necessary  to  store  statistically  extinction 
versus  wavelength  or  concentration  versus  size,  then  an 
agreement  should  be  reached  on  data  resolution  A further 
problem  at  present  is  the  fact  that  actual  data  from  ocean 
areas  is  very  sparse  and  will  be  so  for  some  time  The 
problem  of  using  a sparse  data  set  with  statistical  signifi- 
cance needs  to  be  considered  Extrapolations  from  measure- 
ments made  e.g  at  San  Nicolas  Island  or  Monterey  to  other 
areas  in  the  Pacific  Ocean  probably  can  be  made  using  some 
caut ion . 

The  theme  of  this  workshop  implies  a discussion  on 
future  plans  As  far  as  the  EOMET  Project  is  concerned 
we  plan  to  solve  the  above  problems. 
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SEEING  THROUGH  THE  ATMOSPHERE 


Iver  A.  Lund 

Air  Force  Geophysics  Laboratory 
Hanscom  AFB,  MA.  01731 


Abstract 

In  most  source-to-receiver  chains  the  atmosphere  can  be  regarded  as 
the  transmission  link.  A knowledge  of  the  properties  of  this  link  is 
often  essential  for  estimating  the  utility  of  transmitting  or  receiving 
equipment.  Some  of  these  properties  are  measured  directly,  whereas 
others  must  be  inferred  by  indirect  methods. 

The  National  Weather  Services  throughout  the  world  col lect  observa- 
tions of  weather  conditions  on  a routine  basis,  usually  each  hour  of  the 
day.  Some  of  these  observations,  such  as  temperature,  are  accurately 
measured,  while  others,  such  as  cloud-cover,  are  subjectively  estimated. 
By  far  the  largest  number  of  observations  are  taken  from  the  surface  of 
the  earth. 

The  increased  use  of  optical,  infrared  and  microwave  observing  and 
transmitting  devices  has  resulted  in  a greater  demand  for  information  on 
humidity,  haze,  clouds  and  precipi tation . For  a number  of  years,  the 
Design  Climatology  Branch  of  the  Air  Force  Geophysics  Laboratory  has  been 
taking  special  observations  and  conducting  special  studies  to  obtain 
better  information  to  provide  to  designers  and  operators.  A few  of  these 
efforts  will  be  described.  They  will  include  the  use  of  sunshine  obser- 
vations, whole-sky  photographs,  special  radar  observations,  hourly 
weather  observations  and  special  observations  taken  by  aircrews,  to 
obtain  climatic  probabilities  of  haze,  clouds  and  precipitation  along 
1 i nes-of-sight . 

This  paper  will  describe  statistical  models  for  estimating  pert  1 : t — 
once,  recurrence  and  joint  probabilities  of  some  of  tht  weather  event* 
that  may  limit  the  ut ility  of  electro/opt i al  systems.  These  model:  an 

be  used  to  estimate  the  number  of  targets  that  may  be  : imul t am  on*.  1 \ 
"weather  protected"  or  to  estimate  the  length  of  time  adverts  w<  it  her 
will  hinder  operat  ion:.. 

1.  Introduction 

More  than  twelve  year:,  ago  the  Design  Climatology  Rt.irv'h  -f  tin  Air 
Force  Cambridge  Research  Laboratories  started  to  look  : • mmsly  it  tin 
problem  of  seeing  through  the  atmosphere.  We  have  had  a small  effort 
devoted  to  studying  this  problem  ever  since.  I will  It l*  fly  review  one 
of  our  work. 
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2.  Probabilities  from  Sky  Cover  and  Sunshine  Observations 

In  1963  we  conceived  of  the  idea  of  using  sunshine  observations  to 
estimate  the  probability  of  clear  lines-of-sight  through  the  atmosphere 
(Lund  1965,  1966).  More  than  100  stations  have  kept  continuous  sunshine 
records  for  over  50  years.  However,  most  stations  have  changed  instru- 
mentation several  times.  For  a good  review  of  this  instrumentation  see 
Foster  and  Foskett  (1953). 

In  general,  all  of  the  instruments  are  designed  to  record  sunshine 
when  the  sun's  disk  is  visible  and  to  record  cloudy  when  it  is  not.  This 
design  goal  has  been  only  approximately  achieved.  The  Maring-Marvin 
thermometric  sunshine  duration  recorder,  used  tor  many  years  by  the  U.S. 
Weather  Bureau,  now  the  National  Weather  Service,  did  not  provide  a very 
accurate  record  of  the  duration  of  visibility  of  the  sun's  disk.  The 
photoelectric  sunshine  recorder  used  at  many  stations  over  the  past  20 
years  is  a much  better  instrument.  I stated  in  my  article  (Lund  1966): 

"A  clear  1 ine-of-sight  is  defined  as  one  which  permits  sufficient 
bright  sunshine  (radiation)  to  pass  through  the  atmosphere  to  activate 
the  sunshine  recorder.  Presumably  such  a condition  would  also  permit 
sensing  a signal  through  the  atmosphere  with  an  optical  nr  infrared  de- 
tector. The  path  length  is  the  distance  from  the  top  of  the  atmosphere 
to  the  surface  of  the  earth. 

"Since  the  sunshine  recorder  does  not  detect  thin  clouds,  the  prob- 
ability of  a clear  line-of-sight , as  defined  in  this  paper,  exceeds  the 
probability  of  a cloud-free  line-of-sight  by  an  amount  equal  to  the 
probability  of  "thin"  clouds,  roughly  6 to  20  percent  at  the  stations 
under  study." 

Most  of  the  sunshine  recorders  are  mounted  on  the  top  of  buildings 
near  weather  stations  where  sky  cover  observations  are  taken.  For  every 
hour  of  the  day,  we  know  the  sun's  angular  elevation  abovi  the  horizon, 
the  percent  of  the  sky  covered  with  clouds,  and  whether  or  not  sunshiiu 
was  recorded.  From  this  information  relationships  between  the  variable:; 
were  obtained.  The  most  frequently  used  relationshij  was  deveb  pod  by 
McCabe  (1965)  of  the  Knvironmentul  Technical  Application  Center  . It  i: 
shown  in  Fig.  1.  It  shows  the  percent  of  sunshine  as  a funet ion  of  mean 
cloud  cover  and  sun  angle.  The  mean  cloud  cover  for  every  hour  of  tin 
day  and  every  month  of  the  year  is  known  for  hundreds  of  pin  ■ ...  Tin  re- 
fore,  if  your  detector,  or  transmitter , can  operate  under  the  conditions 
when  the'  recorder  indicates  sunshine,  this  graph  give:,  a rood  est  im.it  o 
of  the  percent  of  time'  favorable  conditions  exist  . We  have  It  used,  how- 
ever, that  many  devices  require  much  more  nearly  ■ loud-fre*  audition: 
than  that  detected  by  the  sunshine  recorder. 

3.  Probabilities  from  Whole-Sky  f’hotocjraph: 

In  order  to  more  accurately  estimate  tin  probability  of  truly  load- 
tree  conditions,  wi  let  a contract  with  the  Uni  vet : it  y of  Ml  • 
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(Shanklin  and  Landwehr,  1971)  to  take  photographs  of  the  whole  sky  from 
the  National  Weather  Service  observing  site  at  the  airport  in  Columbia, 
Missouri.  A Nikon  F camera  with  a 180  degree  (fisheye)  lens  and  35  mm 
infrared  film  was  used  to  take  high  contrast  photographs  of  the  whole 
sky  every  daylight  hour,  synoptic  with  the  National  Weather  Service's 
observations,  for  a period  of  more  than  three  years. 

A typical  whole-sky  photograph  is  shown  in  Figure  2.  Usually  there 
is  good  contrast  between  the  cloudy  and  cloud-free  areas.  There  are 
times,  however,  when  it  is  difficult  to  distinguish  clouds  near  the  sun- 
shiold  and  to  distinguish  between  clouds  and  haze  overhead. 

Figure  3 depicts  t he  template  that  was  used  to  determine  azimuth 
and  elevation  angles.  The  template  was  placed  over  each  photograph. 

Two  students  independent ly  examined  the  center  of  each  of  the  33  circles 
for  the  presence  of  clouds.  These  33  1 ines-of-s ight  were  recorded  as 
either  cloudy  or  cloud-free.  (Most  of  the  haze  condition;;  were  included 
among  the  cloud-free  cases  since  the  infrared  wave  lengths  penetrate 
most  haze.) 

3.1  Single  Site  Probabilities 

Methods  for  estimating  single  site  cloud-free  lines-of-sight  (CFLOS) 
probabilities  were  published  by  Lund  and  Shanklin  (1972,  1973).  Figure 
4 depicts  relative  frequencies  of  CFLOS  as  a function  of  elevation  angle 
and  total  sky  cover,  as  determined  from  the  photographs.  The  curve;  art- 
shown  without  any  smoothing.  The  relative  frequencies  consistently  in- 
crease with  decreasing  cloudiness.  With  but  f w exceptions,  probabilities, 
of  CFLOS  increase  as  the  zenith  angle  is  approached.  Failurt  to  increase 
consistently  is  likely  due  to  minor  sampling  instabi 1 i t ie;  . 

The  lines  in  Figure  4 were  subjectively  smoot  lied  and  ised  a.  esti- 
mates of  probabilities  of  CFLOS  as  a function  of  elevation  angle  and  sky 
cover.  The  publications  cited  above  describe  how  these  curves  can  be 
used  to  estimate  CFLOS  probabilities  for  any  location  with  a long  record 
of  sky  cover  observations. 

3.2  CFLOS  Probabilities;  over  Germany 

The  models  were  applied  to  long  records  of  sky  cover  observations 
taken  over  Germany  at  the  four  mid-season  months,  four  times  per  day  at 
four  elevation  angles.  Figure  5 shows  the  highest  probability  of  seeing 
the  ground  through  the  cut  in  atmosphere  at  a 3t  ' angle  during  tin  most 
favor abl<  sea;  n of  the  year  and  the  mo;  t favorable  time  of  the  day . 

This  is  usually  near  midnight  in  summer.  Figure  6 shows  the  lowest  j rob- 
ability.  There  are  several  small  "bull’s  eyes"  of  less  than  20’  . Almost 
all  places  in  Germany  have  t ime  when  the  climatic  probability  of  a 
CFLOS  at  in"  is  less  than  3C  . The  "bull  1 eyes"  an  indicat ive  of 
trong  local  variations 


3.3  Persistence  and  Recurrence  Probabilities 


A total  of  13,215  high-contrast,  whole-sky  photeqj  iph-  w.  .t 
to  derive  estimates  of  cloud-free  and  cloudy  line-of-:,  i ght  pel  l ■ . t • : . • 
and  recurrence  probabilities  (see  Lund  1973b). 

Hourly  persistence  is  defined  as  an  uninterrupted  .<  quen  ■ •!  1 ud 

free  or  cloudy  1 ines-of-sight  spaced  1 hr.  apart.  I'  l ve-nunutt  per  i •- 
ence  is  defined  likewise  but  the  photographs  at  e spaced  ' nan.  apart. 

The  condition  between  photographs  is  unknown. 

Only  the  persistence  results  will  be  discussed.  The  te  urn. 
results  are  available  in  the  paper  Lund  (1973b) . 

The  persistence  study  clearly  shows  that  persistence  at  Columbia, 
Missouri  varies  with  seasons  and  t ime  of  day.  The  moat  per;  istcnt  cloud 
free  conditions  are  always  observed  in  the  fall  and  the  lea  t jotsi  tent 
conditions  are  always  observed  in  the  summer.  The  relative  frequencies 
are  shown  in  Fiqure  7.  Cloud-free  persistence  is  shown  by  tht  solid 
lines  and  cloudy  persistence  by  the  dashed  lines.  The  solid  1 ini 
marked  average  shows  that  if  a 1 ine-of-sight  is  cloud-free  at  t h< 
initial  time,  it  was  also  eloud-f: ee  1 hr.  latei  82  ol  ' ; i time , igaii 
cloud-free  2 hr.  later  71%  of  the  time,  ...,  and  was  cloud-free  for  six 
consecutive  hourly  observations  46.-.  of  the  time.  The  five-minute 
persistence  probabilities  arc  shown  by  the  full-length  solid  line-.  When 
this  line  is  extended  to  the  hourly  periods  it  runs  well  below  the  other 
lines.  This  clearly  illustrates  that  closely  spaced  observations  are 
required  to  obtain  the  true  duration  probabilities.  It  is  assumed  that 
duration  lines  would  be  at  least  several  percent  lower  t han  the  5-m:n 
persistence  lines. 

The  5-min  interval  persistence  relative  frequencies  were  derived 
from  231,660  observations,  33  observations  per  photograph.  figure  8 
shows  persistence  relative  frequencies  as  a function  of  the  sky  cover 
reported  by  the  weather  observer.  The  uppermost  solid  lire  show:,  that 
when  the  observer  says  there  are  zero-tenths  of  the  sky  overed  by 
clouds  and  a line-of-sight  was  cloud-free,  it  was  also  cloud-1 1 e«  ‘ min . 
later  99.8%  of  the  time,  ...,  and  it  was  cloud-free  for  eleven  con- 
secutive 5-min.  periods  98.4”.  of  the  time.  There  wen  f9  , loud- 

free  lines-of-sight  on  the  photographs  when  the  weather  ol  . rvet 
reported  zero-tenths  sky  cover.  Most  of  the  lines  arc  consistent  with 
expectations.  That  is,  the  probability  of  lines-of-sight  remaining 
cloud-free  decreases  with  increasing  cloudiness. 

We  have  not  had  any  opportunity  to  test  how  well  they  ap[  ly  el  ■ - 
where.  There  is  a good  chance  that  those  probability  estimate:  apply 

quite  well  in  most  mid-latitude  locations. 

3.4  Multiple  Site  Probabilities 


est  imat  i no  joint  pr obab i 1 i t i ■ . . 1 


We  are  developing  models  for 


weather  events.  Targets  may  be  weather  protected  by  fog,  wind,  precipi- 
tation, or  other  weather  elements,  depending  upon  the  type  of  munitions 
used.  The  question  is  often  asked:  What  is  the  probability  that  all 

targets,  in  a given  area,  will  be  jointly  weather  protected.  A model 
(Lund  1973b)  was  developed  for  estimating  this  probability.  New  models 
requiring  only  unconditional  sky  cover  probabilities  are  being  developed. 
I will  only  take  time  to  point  out  a few  facts  about  the  new  models. 
Figure  9 shows  nine  observing  sites  along  the  east  coast  of  the  U.S. 

Every  station  has  an  almost  perfectly  complete  record  of  more  than  13 
years  of  hourly  observations  of  many  weather  elements.  Figure  10  shows 
the  correlation  of  active  precipitation  between  the  stations.  Figure  11 
shows  the  temporal  correlation  where  the  scale  is  adjusted  so  that  one 
hour  equals  22  miles.  There  is  good  agreement  between  spatial  and 
temporal  correlation. 

With  this  kind  of  information,  we  believe  that  we  can  successfully 
estimate  joint  probabilities  of  weather  events. 

Space  does  not  permit  me  to  describe  models  that  we  have  developed 
for  estimating  the  areal  coverage  of  weather  events  (Gringorten  1976) . 

4.  I'robabi 1 it ies  from  In-Flight  Observations 

Standard  surface  cloud  observations  are  not  sufficient  for  obtaining 
CFLOS  probabilities  between  the  ground  and  a {>oint  in  t tie  atmosphere 
below  the  top  of  all  clouds.  For  this  reason  an  in-flight  observation 
program  has  been  conducted  by  the  Air  Force.  Aircrew  members  have  taken 
about  275,000  observations  under  this  program,  to  date.  They  consider 
haze  as  well  as  clouds  along  1 i nes-of-sight . Space  does  not  permit  ru 
to  completely  describe  this  program.  It  is  briefly  described  in  Lund 
(1972)  . 

Figure  12  shows  estimates  of  the  probability  of  a CFLOS  to  the 
earth's  surface  from  20,000  feet,  in  summer,  at  an  ingle  ol  t,'  be  1 w 
the  horizon.  The  large  figures  are  relative  frequencies  and  the  small 
f igures,  in  parenthesis,  give  the  number  of  observations.  Figure  1 1 
is  an  analysis  of  Figure  12.  These  figures  indicate  the  type  of  in- 
formation that  will  soon  be  available  in  published  form  t tom  the  inflight 
1 i ne-of-s ight  program.  One  of  the  deficiencies  of  this  program  is  that 
most  of  the  observation!,  were  taken  from  above  10,000  it  . u.S.  Army 
helicoptei  squadron.*;  in  Germany  are  nuking  low-alt  itude  .1  . t vat  ion*  foi 
us.  It  is  too  early  in  the  program  to  know  whether  the  .,  ob  • iv.it  i ns 
will  satisfy  our  needs  for  better  low-altitude  probnhilitn 

Figure  14  shows  profiles  of  CFLOS  probabilities  a a function  d 
altitude.  The  observations  w<  re  taken  between  o'  anil  10  1 . Long,  and 

4 »nd  j and  50°  and  60  n . Lat . Hie  northern  irea  i largely  over 
the  North  Sea.  The  southern  area  is  most  ly  over  France.  Clearly  most 
of  the  clouds  are  below  5,000  ft  where  we  ha vr  tin  fewest  ot  etv.it  ions. 
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5. 


Probabilities  from  Radar  Observations 


i 


I 
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Virtually  no  quantitative  information  exists  on  how  often  attenua- 
tion due  to  precipitation  occurrences  along  microwave  ray  paths,  will 
affect  microwave  transmission  at  various  elevation  angles.  Therefore, 
AFCRL,  with  the  cooperation  of  the  National  Weather  Service,  conducted 
a 3-year  program  of  photographing  the  scope  of  WSR  57,  10-cm  radar  every 
three  hours  with  the  antenna  in  each  of  four  elevation  angles,  0,  15, 

30,  and  45  degrees.  Again  space  does  not  permit  me  to  describe  this 
program,  but  we  want  you  to  know  of  its  existence,  and  the  fact  that 
3 years  of  data  are  available  for  17  United  States  locations. 

6.  Remarks 

Most  of  the  efforts  to  obtain  CFLOS  probabilities  from  whole-sky 
photographs  and  sky-cover  observations  have  been  published,  except  for 
new  models  being  developed  for  obtaining  joint  probabilities  and  a CFLOS 
probability  atlas  that  is  being  jointly  prepared  with  the  Environmental 
Technical  Application  Center.  Results  from  the  in-flight  and  radar 
observation  programs  are  incomplete  as  these  programs  are  still  underway. 
The  Design  Climatology  Branch  of  AFGL  is,  however,  responding  to  requests 
for  information  from  these  programs  with  provisional  probability 
estimates . 
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big.  1 fii  example  of  whole-sky 
photograph . 


S(  i;»  a n 1. 1 1 

Mg.  1 Approximate  per  cent  of 
mean  sunshine  as  function  of  cloud 
eov")  and  sun  angle  (after 
McCabe) . 
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i . 1 Relative  frequencies  of 

loud-fre«  lines-of-sight  (CFIjOS) 
a a function  of  elevation  anqli 
and  observed  total  .ky  cover,  in 
tenths.  Kach  point  is  based  on 
the  numbet  of  ob  erv.it  ion  -.hewn 
at  t lie  end  of  the  line. 


i is.  T< imj  bit'  used  t d ' • i 
azimuth  and  elevation  angles. 
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Fig.  7 Cloud-free  (solid  lines) 
and  cloudy  (dashed  lines)  persist- 
ence relative  frequencies  obtained 
from  whole-sky  photographs  taken 
at  Columbia,  Mo.  (see  text). 


Fig.  8 Cloud-free  line-of-sight 
persistence  relative  frequencies 
as  a function  of  sky  cover  (tenths) 
and  5-min  intervals  of  time.  The 
numbers  at  the  end  of  the  lines 
are  the  number  of  observat ions  of 
CFLOS  at  time  zero. 


Fig.  9 Location  of  the  nine  sta- 
tions whose  winter  and  summer  hourly 
observations  were  studied. 
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Fig.  10  Correlation  coefficients  of  active  precipitation  plotted  as 
a function  of  distance  between  sites,  in  summer. 
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Fig.  11  Correlation  r<  >ef  f i ci<nt  of  active  j re.  i)  1 1 at  ion  pLotted 
an  a funct  ion  f t imi  lag  between  observat  ions,  in  sunnier . 


Fig.  13  An  analysis  of  Fig 
Fig.  12  Estimates  of  the  probability  of  a 
CFLOS  to  the  earth's  surface  at  60°  below 
the  horizon  from  20,000  ft,  in  summer. 

(Estimates  are  based  on  the  number  of  obser- 
vations shown  in  parenthesis) . 


PROBABILITY 

Fig.  14  The  probability  of  a CFLOS  as  a function 
of  altitude.  The'  +30°  curve  gives  the  probability 
of  seeing  blue  sky  above  the  aircraft . The  -30f 
curve  gives  the  probability  of  seeing  the  earth’s 
surface  below  the  aircraft. 
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PROBABILITY  OF  OCCURRENCE  FOR 
MARINE  OPTICAL  PARAMETERS 


B.  S.  Katz 

Naval  Surface  Weapons  Center 
White  Oak  Laboatory 
Silver  Spring,  Maryland  20910 


ABSTRACT 

in  order  to  support  electro-optics  system  planners,  designers  and  users 
with  probability  of  occurrence  information  on  surface  marine  propagation 
conditions  techniques  have  been  developed  to  convert  large  quantities  of 
previously  stored  weather  products  to  statistics  of  specific  propagation 
parameters.  The  meteorology  to  propagation  parameter  models  include  Lowtran  3 
which  converts  temperature  and  absolute  humidity  to  abosrption  coefficients. 

Naval  Postgraduate  School  semi-empirical  models  that  convert  air-sea 
temperature  difference  and  surface  winds  to  the  refractive  index  turbulence 
structure  function  C^--,  and  an  aerosol  model  that  uses  wind  and  relative 
humid ' ty  to  produce  both  aerosol  size  and  number  distributions,  and  a complex 
index  of  refraction. 

Calculations  have  recently  been  completed  converting  a full  years  data  from 
two  North  Atlantic  weather  ships  into  extinction  coefficients  at  .55,  1.06, 
.5-1.1,  3.8  and  8-12  microns.  These  calculations  will  be  presented  for  each  ship 
as  a function  of  season  as  well  as  a comparison  between  individual  wavelengths 
or  bands. 


359 

U ^CLASSIFIED 


I ntroduction 

A number  of  electro-optical  systems  are  in  various  stages  of  development  and 
will  hopefully  be  released  for  Fleet  use  beginning  in  a few  years.  These  include 
applications  in  connection  with  surveillance,  intelligence  gathering,  ASMD  search 
and  track  and  weapons  control.  Due  to  the  degrading  influence  that  the  marine 
atmospheric  conditions  have  on  visible  and  IR  wavelenghts  associated  with  these 
systems,  it  is  important  that  early  in  the  design  stages  these  systems  are 
optimized  for  use  in  such  environments.  This  optimization  procedure  includes 
a proper  mix  of  optical  bands  to  keep  effectiveness  constantly  high  and 
prevention  of  expensive  over  design  that  cannot  be  used  a large  percentage  of 
time.  The  systems  analyst  plays  an  important  role  in  this  procedure  and  should 
have  available  statistical  information  on  atmospheric  conditions  and  their 
influence  on  system  components  for  all  locations  in  which  these  systems  must 
operate . 

A first  step  in  determining  quantitatively  the  atmospheric  limitations 
on  system  use  is  to  specify  the  optical  parameters  that  describe  the  magnitude  of 
the  interaction  of  optical  waves  with  specific  environmental  conditions.  This 
listing  would  include  the  atmospheric  turbulence  structure  function  0,,-’ , aerosol 
extinction  values  for  various  wavelengths  or  bands  and  molecular  absorption  when 
applicable.  Since  average  values  of  meteorological  parameters  are  readily 
available  from  marine  atlases,  the  development,  improvement  or  collection  from 
the  E/0  community  at  large  of  propagation  codes  relating  optical  parameters  to 
atmospheric  conditions  allows  one  to  determine  nominal  operating  conditions  for 
areas  of  interest.  Unfortunately  this  procedure,  while  providing  a set  of 
inputs  for  system  codes,  does  not  allow  for  determination  of  statistical 
effectiveness  for  different  system  configurations.  When  considering  the  cost  for 
new  systems,  it  is  not  an  unjust  question  for  the  operational  community  to  ask, 
"Just  how  often  can  1 expect  to  effectively  use  this  sytem  and  what  is  its 
maximum  range?"  In  order  to  help  answer  these  questions  a program  was  originally 
initiated  by  the  Navy's  High  Energy  Laser  program  and  now  continued  by  Seafire 
to  do  a statistical  evaluation  of  propagation  conditions  in  marine  environments. 
Since  Seafire  is  being  developed  as  a stand-alone  fire  control  to  be  used 
primarily  with  guided  projectiles,  emphasis  has  been  placed  on  TV,  1.06 
designator  and  FL1R  (8-12  micron)  optical  bands.  The  basic  premise  as  shown  in 
block  diagram  form  in  Figure  1 was  to  acquire  large  quantities  of  stored 
meteorological  raw  products  from  ship  reports  and  convert  each  observation 
individually  into  a set  of  propagation  parameters  using  propagation  codes  obtained 
from  the  E/0  community.  These  multiple  sets  of  propagation  parameters  can  now 
be  either  developed  into  a probability  of  occurrence  format  or  randomly  selected 
to  yield  a small  subset  for  driving  system  codes.  The  codes  used  and  the 
procedure  for  using  this  large  matrix  of  data  will  be  described  in  subsequent 
sections  of  this  report. 

Propagation  Codes  and  Sources  ot  Data 

The  majority  of  the  meteorological  ship  data  was  obtained  I rom  the  Nave- 
Weather  Service  Detachment  in  Asville,  North  Carolina.  It  consisted  of  a full 
year  (1965)  set  of  surface  observation  (everv  three  hours)  for  two  North 
Atlantic  ships  (J&M) . These  ships  main  mission  were  to  take  both  surface  and 
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upper  air  meteorological  data  in  well  defined  locations.  Ship  J was  located  at 
52.5°  latitude  and  20.0°  longitude  while  Ship  M was  further  north  at  65°  latitude 
and  -2°  longitude.  A smaller  amount  of  observations  for  the  East* rn Mediterranean 
was  received  from  Dick  Ameigh  at  CE,  Utica,  New  York. 

The  most  important  set  of  parameters  from  each  observation  included  air, 
sea  and  dew  point  temperatures,  wind  speed,  barometric  pressure,  visibility  and 
present  weather  condition  (rain  type).  The  surface  observations  also  include 
cloud  height  and  coverage  which  will  be  used  in  future  guided  projectile 
effectiveness  studies  and  ship  signature  studies  respectively. 

The  computer  code  that  was  developed  to  convert  the  weather  data  to  optical 
parameters  can  be  broken  down  into  the  following:  (1)  molecular  absorption 

coefficients  as  a function  of  air  temperature  and  absolute  humidity  derived  from 
Lowtran  3 calculations;  (2)  semi-empirical  turbulence  model  relating  the 
refractive  index  structure  constant  Cpj-  to  air-sea  temperature  difference, 
surface  winds  gradient,  and  absolute  humidity;  (3)  aerosol  model  that  uses 
relative  humidity  and  wind  speed  to  produce  an  aerosol  size/number  distribution, 
a complex  index  of  refraction  and  finally  aerosol  extinction  values. 

The  Lowtran  3 code  developed  at  AFCL  provided  transmission  calculations 
for  evenly  spaced  wavelengths  in  the  8-12  micron  band  at  various  values  of 
temperature,  water  vapor  (GM/ra^)  and  range.  For  a given  absolute  humiditv,  and 
temperature  and  range  each  transmission  value  was  weighted  by  the  thermal 
derivative  of  Planck's  radiation  equation  (300°K  source).  These  values  were 
then  averaged  over  wavelength  to  provide  an  effective  transmission  for  the  8-12 
band.  This  effective  transmission  value  for  a specified  atmospheric  condition 
was  converted  into  an  effective  molecular  absorption  coefficient  ( 'Km)  bv 
assuming  an  exponential  decrease  with  range.  These  effective  extinction 
coefficients  were  used  to  derive  a scaling  law  for  temperature  and  water  vapor 
content  (see  Figure  2).  This  scaling  law  was  necessary  since  tens  of  thousands 
of  calculations  are  needed.  This  effective  extinction  technique  was  also  used 
in  the  aerosol  extinction  code  with  a silicon  sensor  responsivitv  curve  used  a. 
a weighting  factor  for  TV  wavelength  calculations. 

The  basic  aerosol  model  came  from  Dr.  Mike  Dunn,  Lockheed,  Palo  Alto, 
California.  This  model  was  developed  by  fitting  data  that  was  taken  over  water 
and  pub  1 i shed  i n the  open  literature.  It  uses  relative  humidity  and  wind  speed 
to  calculate  an  aerosol  size  and  number  distribution.  Constants  associated  with 
the  wind  velocity  were  varied  to  improve  comparisons  with  scattering  data  taken  b\ 
Optical  Science  division  of  the  Naval  Research  Laboratory  Mie  scattering 
calculations  were  done  with  a four  region  closed  form  approximation  scheme 
developed  by  Van  De  Hu  1st.  Comparisons  with  full  Mie  codes  indicate  a maximum 
52  error.  The  complex  index  :s  varied  from  that  of  a high  concent  rat  ion  alt  v itct 
mixture  to  pure  water  as  aerosols  grow  with  increasing  relative  humiditv. 

The  turbulence  code  was  provided  b\  Dr.  Davidson  of  the  Naval  Postgraduate 
School.  In  the  tv  de  small  scale  atmospheric  fluctuations  are  related  to  mean 
wind  speed  and  air  water  temperature  and  humidity  differences  bv  Mon i n-Ohukhuv 
profile  relationships.  The  empirical  stability  teims  in  the  profile  relationships 
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are  Chose  proposed  by  J.  Wynnguard  after  evaluating  nan y years  of 
ments.  These  relationships  have  been  modified  by  Dr.  Davidson  to 
for  variations  found  during  his  over  water  measurements  program. 
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CALCULATIONS  AND  STATISTICS 


The  meteorological  data  was  broken  into  twelve  groups  corresponding  to 
four  seasons  for  each  North  Atlantic  weather  ship  (NAJ  or  NAM)  and  the  Eastern 
Mediterranean  data  (MED).  Each  seasonal  calculation  was  coded  with  the  above 
identifiers  coming  first  followed  by  the  first  two  letters  from  the  season. 

In  the  Mediterranean  data  "SD"  corresponds  to  summer  day  since  the  data  was 
taken  either  at  noon  time  or  midnight.  Each  seasonal  set  of  data  was  converted 
to  a set  of  optical  parameters  an  observation  at  a time  using  the  models  pre- 
viously mentioned.  For  each  seasonal  set  of  propagation  parameters,  the  para- 
meters individually  were  formated  inti)  probability  density  functions,  integrated 
into  probability  of  occurrence  values  and  plotted  on  either  linear  or  semi- 
log scales.  The  following  parameters  were  calculated: 


l) 

TV  - aerosol  extinction  coefficient 

.5-1  . 

1 microns 

2) 

Designator  - aerosol  ext.  coeff. 

1 .06 

mi c rons 

3) 

FLIR 

a)  Aerosol  extinction 

8.-12. 

microns 

b)  Molecular  absorption 

c)  Total  extinction  (a+b) 

8.-12. 

mi c rons 

4) 

Visibility  - aerosol  extinction 

.55 

mi c rons 

5) 

Turbulence  - 

n 

Figures  3A  and  3B  show  examples  of  the  absolute  humidity  for  all  three 
stations  in  a probability  of  occurrence  format.  These  curve  provide  inlor- 
mation  on  the  probability  that  a parameter  will  have  a value  greater  than 
a specific  amount.  For  example  in  Figure  1A , the  N.A.  ship  winter  months 
(NAJWI)  represented  by  the  x curve  has  an  absolute  humidity  greater  than  7 . 5 
torr  forty  percent  of  the  time.  Since  torr  i almost  equal  to  gm/m'  at 
these  temperatures  and  pressures.  Figure  indicates  that  the  Eastern 

Mediterranean  summer  (MEDSD)  has  more  water  vapor  with  greater  than  20.  torr 
forty  percent  of  the  time. 

OPTICAL  PARAMETERS 

The  probability  of  occurrence  information  for  optical  parameters  from 
different  locations  can  be  combined  to  indicate1  differences  in  propagat  ion 
conditions  from  one  location  to  another.  This  is  shown  for  ships  M and  I 
in  Figures  4A , 4B,  and  ft  with  parameters  |.06  and  8-12  micron  a-iosol  extin.  t ion 
coefficients  ( /KM)  and  Cfl  respectively.  They  can  be  recombined  as  in 
Figure  3 to  indicate  the  change  in  aerosol  extin.  t i on  with  wav.  .length  lor 
a single  location  (NAJWI).  In  the  8 12  micron  region  whet,  mol.'.nlat  ah  <•  • i pt  on 
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Ls  an  important  part  of  the  total  extinction  coefficient,  the  relative  impor- 
tance of  both  aerosols  and  water  vapor  can  be  delineated  by  plotting  these 
parameters  on  the  same  graph.  Figures  7A  and  7B  show  this  difference  for 
NAJWI  and  MEDSD  locations.  Low  water  vapor  and  high  winds  tend  to  equalize 
the  importance  of  the  two  affects  in  the  N.A.,  while  low  winds  and  higher 
water  vapor  in  the  Eastern  Mediterranean  causes  molecular  absorption  processes 
to  dominate.  This  high  water  content  (Figure  3 B ) is  related  primarily  to 
the  high  summer  temperatures. 

The  comparison  between  aerosol  extinction  coefficients  particularly  .55 
micron  to  other  wavelengths  is  important  because  at  sea  visibility  measure- 
ments are  considered  a standard  procedure.  If  the  relationship  between  wave- 
lengths were  fixed,  the  determination  IR  system  effectiveness  in  real  time 
would  be  simplified  and  directly  relatable  to  visibility.  Unfortunately  experi- 
ments have  generally  indicated  a smaller  relative  difference  at  low  visibili- 
ties than  at  high  visibilities.  The  aerosol  distribution  model  used  in  this 
study  increases  the  number  of  particles  beyond  one  micron  with  increasing 
wind  speed  and  relative  humidity.  Calculations  yield  a continuous  variation 
of  relative  difference  as  conditions  go  from  low  to  high  visibility.  Figures 
8A  and  8B  have  650  sets  of  aerosol  extinction  coefficients  from  NAJWI  calcu- 
lations comparing  1.06  to  3.8  microns  and  .55  to  8-12  microns.  The  large 
circles  in  Figure  8A  come  from  simultaneous  measurements  of  the  two  wavelengths 
taken  by  the  Optical  Radiation  Branch  at  the  Naval  Research  Laboratory  during 
tests  in  Florida.  The  calculated  data  compares  favorably  with  the  measure- 
ments but  a great  deal  more  data  over  an  extended  visibility  range  is  needed 
to  verify  these  relationships.  This  is  particularly  true  for  the  wavelengths 
in  Figure  8B  where  the  differences  can  be  an  order  of  magnitude. 

A further  check  on  the  validity  of  the  aerosol  model  to  statistically 
represent  aerosol  conditions  was  carried  out  using  the  ship  reported  subjec- 
tively measured  visibilities.  Figure  9 shows  both  the  measured  (VISD)  and 
calculated  (VISC)  values  for  visibility.  The  calculated  visibility  was  de- 
rived by  dividing  the  .55  extinction  coefficient  into  3.91  (22  transmission 
definition  of  visibility).  The  data  in  this  figure  was  from  ship  J in  the 
summer  (NA.TSU).  Although  the  shipboard  data  are  quantized  1 have  assumed 
equal  weighting  between  ranges.  At  least  for  visible  wavelengths  the 
calculations  seem  to  be  reasonable. 

SYSTEM  CONS  I HERAT  IONS 

So  tar  the  data  has  been  presented  as  propagation  parameters  than  can 
be  used  as  inputs  for  svstem  codes.  11  the  maximum  useable  range  lor  each 
optical  system  being  incorporated  into  the  Seat  ire  fire  control  svst  m can 
be  related  to  some  minimum  transmission  condition  lor  a particular  class  of 
targets,  the  matrix  of  data  presented  can  be  used  to  indicate  statistics  of 
component  effectiveness.  Figure  10  is  an  example  of  this  procedure  where 
for  convenience  a 21  transmission  is  considered  the  cutoff  tor  all  systems. 

The  calculations  in  this  tigur  indicate  that  all  systems  are  equally  effective 
in  the  N.A.  winter  environment.  Even  though  the  aerosol  extinction  in  the 
8-12  region  is  generally  smaller  than  in  the  vis, hie  the  molecular  absorpt i on 
just  makes  up  the  difference.  This  procedure  , in  be  very  < f feet i ve  for 
indicating  for  example  how  often  a TV  actually  improves  system  effectiveness. 


UNCLASSIFIED 


UNCLASSIFIED 


CONCLUSION 

The  models  used  to  convert  weather  reports  to  optics  parameters  are  a 
mixture  of  partially  verified  and  unverified  relationships.  The  turbulence 
and  molecular  absorption  models  are  a result  of  many  years  of  experimental 
research  which  is  ongoing  and  should  improve.  The  least  known  factor  is  the 
aerosol  modeling  which  relies  on  published  aerosol  distributions  and  almost 
negligible  scattering  data. 

Even  though  this  modeling  and  conversion  of  weather  reports  to  optical 
parameters  is  a first  step  towards  ultimate  understanding  of  optical  system 
limitations  in  the  Marine  environment,  it  is  a very  useful  tool  for  systems 
designers  presently  working  on  such  systems  and  should  be  expanded  to  cover 
other  wavelengths  and  locations. 
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9.  COMPARISON  OF  SUBJECTIVELY  MEASURED  AND  CALCULATED  VISIBILITIES 

Visibility  data  is  quantized  from  ship.  We  nave  assumed  equal 
weighting  between  quantized  values. 


FIGURE  10  PROBABILITY  D I STR I BUT  IONS  OF  EFFECTIVE  RANGES  EH  DIFFERENT  SYSTEM 

Assumed  it  transmission  limits  each  system,  (l.e  . TV  designator  and  ELI R 
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A PRELIMINARY  COMPARISON  OF  HIGH  AND  LOW  RESOLUTION 
ATMOSPHERIC  TRANSMISSION  MEASUREMENTS 

R.  Bergemann  and  M.  Sola,  U.S.  Army  Night  Vision  Laboratory; 
J.  A.  Dowling,  K.  M.  Haught,  R.  F.  Horton,  and  J.  L.  Walsh, 
Naval  Research  Laboratory;  R.  Roberts,  Institute  for  Defense 
Analyses 


Atmospheric  transmission  measurements  have  been  carried 
out  simultaneously  with  low  and  high  resolution  instruments 
in  the  3 to  5 micrometer  window  region  of  the  atmosphere. 

The  high  resolution  data  have  been  averaged  over  the  pass- 
band  of  the  low  resolution  instrument  and  the  results  compared 
For  the  high  values  of  the  atmospheric  transmission 
(T-0.8  to  0.9)  which  were  found  during  this  experiment  in 
the  region  between  3.5  and  3.9  micrometers,  the  preliminary 
results  of  the  two  measurements  agree  to  within  10  to  15 
percent.  Comparison  at  other  wavelengths  in  this  window  has 
not  yet  been  carried  out  because  the  interferometer 
calibration  procedure  is  more  complex  in  the  presence  of 
significant  absorption  line  structure. 

The  measurements  which  are  described  were  taken  on  two 
separate  days  in  mid  November  1976,  over  a 5.1  km  path 
located  near  the  Naval  Air  Test  Center  at  Patuxent  River, 
Maryland . 

The  low  resolution  measurement  was  made  using  the 
Barnes  atmospheric  transmissometer  system  as  described  by 
J.  R.  Moulton  and  F.  M.  Zweibaum  (reference  1).  This 
instrument  transmits  a 10  mr  beam  from  a nominal  1273  Kelvin 
source  through  a nominal  10  cm  aperture.  The  beam  is 
square  wave  modulated  at  approximately  10 ^ Hertz.  The 
receiver  collects  and  focusses  this  radiation  on  a cooled 
InSb  detector.  Calibration  is  based  on  the  measurement  of 
the  received  signal  from  a pinhole  aperture  of  known  size 
in  the  transmitter  at  zero  range. 

The  high  resolution  results  are  obtained  by  combining 
the  data  from  two  spearate  measurements  as  described  by 
Dowling  (reference  2).  In  the  first  measurement,  a scanning 
Michelson  interferometer  (SMI)  system  is  used  to  obtain 
relative  atmospheric  transmission  (with  0.1  cm~l  resolution) 
over  the  complete  range  of  interest.  The  source  is  a gray 
body  operating  in  the  vicinity  of  1300  Kelvins.  In  a 
typical  measurement,  the  average  of  approximately  100  scans 
is  taken  before  the  processing  is  started.  In  the  second 
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measurement,  we  determine  the  absolute  transmission  at 
several  DF  laser  wavelengths  in  the  region  between  3.6 
and  4 micrometers.  This  measurement  is  absolute  because 
the  1 meter  transmitter  optics  projects  a focussed  laser 
beam  which  is  completely  captured  by  the  1.3  meter 
receiver  optics  at  the  operating  range  of  5.1  km.  The  laser 
transmission  measurements  provide  an  absolute  calibration 
for  the  interferometer  at  selected  wavelengths.  Various 
interpolation  procedures  are  applied  to  obtain  calibration 
at  other  wavelengths. 

For  the  relatively  high  values  of  atmospheric 
transmission  encountered  in  this  experiment  (T^0.8  to  0.9) 
there  is  agreement  in  the  experimental  results  within  10% 
to  15%  under  conditions  of  low  water  vapor  pressure 
(<4  torr)  and  high  visibility  ( >4 0 km)  in  the  3.6  to  4.1 
micrometer  region.  For  these  conditions,  where  the 
attenuation  due  to  water  vapor  continuum  and  aerosols  is 
small,  the  measurements  are  consistent  with  both  Hitran 
and  Lowtran  predictions. 


References : 

1.  J.  R.  Moulton  and  F.  M.  Zweibaum,  "Atmospheric 
Transmissometer  and  Radiometer  for  EO  Sensor  Field 
Evaluation  and  Model  Validation."  Presented  at  the  20th 
Annual  SPIE  Technical  Symposium,  August  1976. 

2.  J.  A.  Dowling,  "Atmospheric  Transmission  Measurements 
Using  Infrared  Lasers  and  Fourier  Spectroscopy-- 
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ATMOSPHERIC  TRANSMISSION  FIELD 
EXPERIMENTS  USING  IR  LASERS, 
FOURIER  TRANSFORM  SPECTROSCOPY  AND 
GAS  FILTER  CORRELATION  TECHNIQUES’1- 


J.  A.  Dowling,  K.  M.  Haught,  R.  F.  Horton, 
S.  T.  Hanley,  J.  A.  Curcio,  D.  H.  Garcia, 
and  C.  0.  Gott 


U.  S.  Naval  Research  Laboratory 
Washington,  D.  C.  20375 


ABSTRACT 

An  extensive  measurement  system  for  atmospheric  transmission 
field  experiments  is  described  with  emphasis  placed  on  the  recent 
additions  of  a high  resolution  scanning  Fourier  interferometer  system 
and  a gas  filter  correlation  spectrometer.  Examples  are  given  of 
results  obtained  by  means  of  three  concurrent  experiments  used  to 
generate  a data  base  appropriate  to  high  resolution  transmission 
model  validation.  Laser  extinction  data,  high  resolution,  long  path 
atmospheric  transmission  spectra,  and  path  integrated  water  vapor 
measurements  are  reported  and  discussed.  Plans  for  future  field 
experiments  utilizing  the  three  above  measurement  techniques  plus 
broadband  infrared  transmissometer  and  infrared  target  signature 
measurement  are  discussed. 

INTRODUCTION 

The  Naval  Research  Laboratory  has  been  conducting  field  experiments 
concerned  with  studies  of  atmospheric  propagation  of  infrared  laser 
beams  during  the  past  several  years.  Earlier  experiments  were 

has 

been  placed  upon  measurements  of  atmospheric  extinction  at  several 
laser  wavelengths  of  interest  to  the  Navy  High  Energy  Laser  Project, 
primarily  those  of  the  DF  laser  operating  near  3*  Um. 


designed  to  study  the  effects  of  beam  spreading  and  beam  wander 
caused  by  atmospheric  turbulence.^-'  Recently  prii 


Recently  primary  emphasis 


FMS-1|  1 / - 


or  his  work  sponsore  1 by  the  Naval  Sea  Gyctems  Command 


UNCLASSIFIED 


Two  extensive  experiments  taking  place  during  CY  1975  were  con- 
ducted at  coastal  sites  in  Florida-^  and  later  in  California . 10  die 
former  experiment  was  a follow -on  to  initial  DF  laser  transmission 
measurements  performed  at  the  Cape  Canaveral  Air  Force  station  ' . ' ) 

during  February -March  1974.^-’  The  latter  experiment  was  performed 
in  conjunction  with  high  power  DF  laser  propagation  tests  conducted 
during  the  Joint  Army-Navy  Propagation  Experiments  at  the  TRW 
Capistrano  Test  Cite  during  May-October  1975- 


The  results  of  several  hundred  measurements  of  DF  and  Nd-YAC 
laser  transmission  along  with  supporting  meteorological  data  were 
used  to  test  the  validity  of  computer  code  transmission  predictions 
based  on  a line-by-line  atmospheric  transmission  calculation.  The 
results  of  comparisons  of  the  field  measurements  to  predictions  based 
on  a HI -TRAN-1-3  type  calculation  using  the  AFOL  spectral  line  atlas-'-'1 


as  modified  by  Woods,  et  alx^’ 


10 


report. 10  A summary  of  the; 
this  paper, 


are  presented  in  a forthcoming 


,e  results  is  presented  in  the  next  section 


Recent  modifications  to  the  trailer-based  measurement  system  used 
during  the  earlier  Florida  and  California  experiments  have  included 
the  addition  , f a high  resolution  atmospheric  spectral  measurement 
capability  based  on  a Fourier  transform  spectrometer  , FTC ' system 
and  the  incorporation  of  a gas  filter  correlation  spectrometer  v . 
retails  concerning  the  facilities  used  in  and  the  operation  of  the 
laser  extinction,  FTS,  and  MFCS  experiments  are  presented  in  a 
forthcoming  report . *-  ^ 


The  following  sections  of  this  paper  will  provide  a brief 
description  of  the  apparatus  used  in  the  three  types  of  measurement;', 
a statement  of  the  philosphy  underlying  the  experiments,  and  a 
presentation  of  some  of  the  more  important  results  obtained  in  recent 
studies.  Experimental  program  plans  for  the  near  future  will  then 
be  liscussed. 


LASER  EXTINCTION  MEASUREMENTS 


a ) Experimental  Apparatus  l‘or  laser  Extinction  Mcasuremeir  s 

The  equipment  used  in  these  measurements  is  housed  in  the 
several  van  trailers  shown  in  Figure  1.  Several  infrared  lasers, 
transfer  optics,  and  a large  (90  cm  aperture)  collimating  telescope 
are  housed  in  an  optical  transmitter  trailer  second  from  the  right 
in  Figure  1.  The  1000  CFM  vacuum  pump  required  to  operate  the 
CW  DF  laser  used  in  these  experiments  is  housed  in  a separate  "pump" 
trailer  and  connected  to  ttie  laser  system  in  the  transmitter  trailer 
by  a demountable,  20  cm  diameter  high  -vacuum  line,  installed  once 
the  trailers  are  properly  positioned  on  site. 
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A third  trailer  containing  a receiver  optical  system  which  is  not 
shown  in  Figure  1 and  which  utilizes  a 120  cm  diameter  collecting  mirror 
completes  the  basic  instrumentation  suite  used  in  the  extinction  experi- 
ments. Gas  bottle  storage  and  other  supplies  are  carried  in  a fourth 
trailer,  allowing  the  operation  of  the  experiments  to  be  predominately 
self-contained.  This  supply  trailer  is  shown  at  the  extreme  right  in 
Figure  1. 

Meteorological  conditions  during  these  experiments  are  monitored 
using  two  nearly  identical  sensor  systems  used  to  measure  wind  velocity 
and  direction,  dew  point,  atmospheric  pressure  and  temperature  and  inso- 
lation at  each  end  of  the  propagation  path.  One  system,  in  addition, 
incorporates  an  aerosol  spectrometer  used  to  obtain  ambient  aerosol 
distributions  and  is  operated  out  of  a meteorological/aerosol  van  not 
shown  in  Figure  1.  The  second  meteorological  system  is  operated  out  of 
a fifth  trailer  which  also  contains  office  space  and  is  normally  de- 
ployed at  the  opposite  end  of  the  measurement  path  from  the  van.  The 
latter  trailer  is  shown  at  extreme  left  of  Figure  1. 

A schematic  of  the  optical  system  contained  in  the  transmitter 
trailer  is  shown  in  Figure  2.  The  various  components  are  identified  in 
the  Figure  caption.  By  means  of  dichroic  beam  combining  plates,  the 
HeNe  and  Nd-YAG  laser  beams  are  coaxially  combined  and  then  in  turn  co- 
axially combined  with  the  output  beam  from  either  the  HF/DF,  CO,  or  COv 
lasers.  Each  of  the  latter  three  infrared  lasers  is  operated  single 
line,  Temop  mode,  using  intra-cavity  grating  reflectors. 

The  entire  assembly  of  laser  sources,  transfer  optics  and  large 
collimating  telescope  is  mounted  as  a unit  in  a massive  frame  which  can 
be  steered  over  a range  of  a few  degrees  in  azimuth  and  elevation  with 
respect  to  a massive  optical  bench.  This  bench  sits  on  piers  extending 
through  the  trailer  floor,  resting  on  solid  ground,  thus  decoupling  the 
telescope  from  the  trailer  body.  This  massive  assembly  has  proven  to  be 
quite  stable  during  several  years  of  use  in  the  field;  the  output  beam 
can  be  reproducibly  pointed  and  maintained  in  alignment  over  angular 
changes  as  small  as  10'^  rad.  Details  regarding  the  DF  laser  system, 
optics,  and  supporting  equipment  can  be  found  in  Reference  17. 

The  basic  procedure  used  in  the  laser  extinction  measurements  is 
outlined  in  Figure  3.  The  CW  coaxial  laser  beam  to  be  transmitted  is 
brought  to  a focus  by  the  off-axis  parabolic  mirror  indicated  and  then 
diverges  to  fill  the  pupil  of  the  90  cm  Cassegrain  telescope  as  shown. 
The  large  aperture  output  beam  is  then  focussed  at  the  receiver  site 
which  is  typically  5 km  away.  In  practice,  for  moderate  turbulence 
conditions,  a 90  cm  focused  beam  leaving  the  transmitter  will  have  a 
30  to  45  cm  cross-sectional  diameter  at  five  km  for  \=3.8im.  It  has 
been  established  both  theoretically^® • ^ and  exerpimental 1 v®  that  tur- 
bulence induced  beam  spreading  is  inversely  proportional  to  some  frac- 
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tional  power  of  wavelength  (0.2  to  0.33).  Thus^ visual  observation  that 
the  beam  is  entirely  collected  by  the  120  cm  aperture  receiver  mirror 
shown  in  Figure  3 insures  that  the  infrared  laser  beam  distributions 
are  also  collected.  Nearly  perfect  co-linearity  of  the  visible  and 
infrared  beams  is  achieved  by  alignment  techniques  which  require  simul- 
taneous superposition  of  the  two  beams  at  two  locations  in  the  trans- 
mitter Cassegrain  telescope  input  optical  train. 


The  laser  beam  collected  by  the  receiver  mirror  is  focused  onto  a 
spatially  integrating  detector  assembly  by  a combination  of  a small 
( 1 cm  diameter)  Newtonian  diagonal  mirror  and  ellipsoidal  mirror  shown 
in  the  Figure.  The  "mobile"  detector  position  in  the  receiver  optical 
system  is  indicated  in  Figure  3. 


This  detector  can  be  located  immediately  behind  the  transmitter 
telescope  primary  mirror  for  calibration  measurements  as  shown  in  Figure 
3.  Laser  power  is  continuously  monitored  by  a stationary  or  reference 
detector  using  that  portion  of  the  beam  reflected  by  the  507  duty  cycle, 
37  Hz  chopper  as  shown. 


As  shown  in  Figure  3 the  transmitter  and  receiver  trailers  are 
periodically  placed  end  to  end  in  a "zero  path"  configuration  for  cali- 
bration of  the  optical  system  efficiency  of  the  large  transmitter  tele- 
scope components  as  well  as  the  receiver  optics.  This  system  efficiency 
factor  is  required  in  order  to  obtain  actual  atmospheric  transmission. 


The  signal  received  by  the  mobile  detector  located  in  the  receiver 
trailer  is  relayed  by  to  a precision  ratiometer  located  in  the  transmitter 
trailer  by  means  of  a GaAs  data  link  as  shown  in  Figure  3,  so  that  atmos- 
pheric extinction  can  be  obtained  in  real  time,  once  the  detector  rela- 
tive response  and  transmitter-receiver  optical  system  efficiencies  are 
known.  Further  details  concerning  the  design  and  operation  of  this 
measurement  system  are  contained  in  Reference  17. 

b)  Rationale  For Laser  Extinction  Measurements 


The  laser  extinction  measurements  performed  in  previous 
experiments^, 10  have  been  used  in  comparisons  to  molecular  absorption 
predictions  based  on  a HI-TRAN  calculation^  which  makes  use  the  AFGL 
spectral  line  atlas. ^ The  principal  objective  of  this  work  has  been  to 
develop  a reliable  predictor  for  atmospheric  transmission  at  DF  laser 
frequencies.  Certain  improvements  in  HDO  spectral  line  strengths  have 
resulted  in  this  process.15’^  via  contractual  support  by  Science  Appl. 
Inc.,  Ann  Arbor,  Michigan. 
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tion  spectra  taken  with  the  FTS  system  to  be  described  below, 
c)  Results  of  Laser  Extinction  Measurements 


A comparison  between  observed  extinction  (which  includes 
aerosol  scattering  effects)  and  calculated  molecular  absorption  for  22 
DF  laser  lines  between  3.6  and  4.1  um  is  shown  in  Figure  4.  One  would 
expect  a constant  offset  between  the  two  sets  of  points  due  to  aerosol 
scattering.  As  seen  in  the  figure,  the  agreement  is  quite  good  when  the 
trends  between  the  two  sets  of  points  are  compared. 

Data  from  both  Florida^  and  California l*-1  experiments  such  as  that 
shown  in  Figure  4,  when  corrected  for  aerosol  effects^®  were  compared 
to  molecular  absorption  calculations.  An  example  of  such  a comparison 
for  the  Pl-8  DF  laser  line  is  shown  in  Figure  5.  The  open  squares  are 
Florida  measurements  and  the  crosses  are  data  taken  in  California. 

A summary  of  comparisons  such  as  that  shown  in  Figure  5 is  present- 
ed in  Table  I for  the  mid-latitude  summer  water  vapor  partial  pressure 
of  14.26  Torr.  Column  five  of  the  table  lists  the  differences  between 
measured  and  calculated  absorption  coefficients  for  each  of  the  DF 
laser  lines  listed  in  column  one.  The  summary  presented  in  Table  I 
results  from  the  use  of  new  HDO  line  strengths  and  widths^,  16  t]ie 
calculations.  As  can  be  seen  from  the  table  the  agreements  between 
theory  and  the  field  measurements  are  quite  good  with  the  worst  case 
differences  remaining  about  207„. 

2 . Fourier  Transform  Spectroscopy  Measurements 

a ) Experimental  Apparatus  Used  in  FTS  Measurements 

An  FTS  system  based  on  a scanning  Michelson  interferometer 
(SMI)  is  now  being  used  for  high  resolution  atmospheric  transmission 
studies.  This  instrument  as  well  as  the  GFCS  device  mentioned  earlier 
share  the  receiver  optical  system  shown  in  Figure  6.  The  primary 
collector  Pi  is  a 120  cm  diameter,  f/5  parabolic  mirror  which  forms  a 
Newtonian  telescope  with  the  small  ( 1 cm  minor  diameter)  diagonal 
mirror  FI.  The  beam  reflected  from  FI  passes  through  a focus  fl  and 
then  impinges  on  the  elliptical  mirror  E,  which  refocuses  the  beam 
outside  the  entrance  pupil  of  PI. 

For  extinction  measurements,  the  mobile  detector  MD  is  placed  near 
the  secondary  focus  of  the  mirror  E,  namely  f2.  For  SMI  of  GFCS  experi- 
ments the  mobile  detector  MD  is  removed  and  the  beam  passes  through  the 
focus  f2  and  is  re-collimated  with  a 5 cm  diameter  cross  section  bv  the 
parabolic  mirror  P2  and  then  directed  by  flat  transfer  optics  into 
either  the  SMI  or  GFCS  instruments  as  shown  in  Figure  6.  The  optics 
and  spectrometer  instruments  are  housed  in  two  separate  rooms  in  the 

UNCLASSIFIED 


881 


UNCLASSIFIED 


receiver  trailer.  A third  room  houses  the  data  processing  system  for 
the  SMI  device.  A more  detailed  description  of  this  instrumentation  can 
be  found  in  reference  11. 

The  SMI  data  system  is  used  to  control  the  SMI  scan  length  and 
rate  and  to  perform  interrogram  co-addition  and  fast  Fourier  transfor- 
mation (FFT).  In  order  to  achieve  a spectral  resolution  of  0.06  cm- 1 
over  the  interval  from  1.3  to  6.0  u m,  a 256k  point  double  precision 
(32bit)  FFT  must  be  processed.  The  present  data  system  which  utilizes 
a hardware  FFT  processor  and  10^  byte  (8-bit)  disc  drive,  can  accomplish 
this  procedure  in  ^ 10  minutes.  A digital  tape  drive  is  used  with  the 
system  for  recording  observed  spectra  and  an  electrostatic  plotter  is 
used  for  graphical  presentation.  The  SMI  system  was  designed  and  built 
by  the  Carson  Alexiou  Corp.,  Newport  Beach,  California. 

b)  Rationale  For  Fourier  Transform  Spectroscopie  Measurements 

The  fundamental  objective  underlying  the  FTS  measurements 
is  the  generation  of  an  extensive  experimental  data  base  for  use  in  HI- 
TRAN  code  validations.  The  DF  laser  transmission  measurement  code 
comparisons  described  earlier  have  been  most  useful  in  identifying  dis- 
crepancies between  calculated  and  measured  molecular  line  absorption 
features.  The  relatively  wavelength  independent  and  relatively  weak 
absorption  features  due  to  molecular  continua  (N2  and  H2O  in  the  DF 
laser  region)  are  not  as  readily  idei.titied  by  means  of  the  laser  line 
measurement-HI-TRAN  code  comparison  procedure.  The  FTS  data  provide 
a one-to-one  map  of  a spectral  region  for  comparison  to  calculation  as 
opposed  to  a comparison  carried  out  only  at  several  frequencies  (22 
laser  line  positions  between  3.6  and  4.1  urn  in  the  DF  laser  region  for 
example ) . 

Once  the  high  resolution  spectra  are  obtained  and  an  absolute 
transmission  calibration  is  obtained  using  laser  extinction  measurements 
throughout  the  obe-erved  region,  the  measured  transmission  spectra  can 
be  numerically  degraded  as  required  in  order  to  make  comparisons  to 
infrared  systems  operating  in  finite  spectral  bands.  Most  E-0  devices 
now  in  use  fall  into  this  category,  namely  TR  seekerji^- FT.TR.S . IR  trans- 
missometers,  and  the  like.  The  truly  correct  starting  point  for  model- 
ing atmospheric  transmission  values  for  such  comparisons  is  a properly 
calibrated  HI-TRAN  code.  Low  resolution  calculations  can  diverge  from 
banded  sensor  performance  calculations  because  the  details  of  actual 
atmospheric  absorption  structure,  when  convolved  with  the  bandpass 
characteristics  of  a particular  system,  may  not  be  adequately  represen- 
ted by  the  low  resolution  calculation.  The  narrower  the  operating 
band  of  the  system,  the  greater  the  potential  for  such  problems.  Such 
ambiquities  are  resolved  by  the  use  of  highly  resolved  spectral  infor- 
mation for  both  the  system  bandpass  and  the  atmosphere. 

An  example  of  the  procedures  outlined  above  is  presented  in 
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another  paper  at  tins  conference.'  The  preliminary  results  cited 
therein  are  representati  .'e  of  comparis  ns  of  nign  res  luti.  n lata 
to  the  response  of  a banded  system  and  should  be  repeated  for  a v:iue 
variety  of  transroission  values  to  evaluate  the  response  of  the 
particular  system  under  test  to  a variety  f transmissi  n conditions 
usin  structured  as  well  as  clear  spectral  regions. 

c)  Results  of  Fourier  Transform  SDectrosccpic  Measurements 


The  procedure  used  in  calibrating  toe  relative  transmission 
spectra  obtained  with  the  FTS  system  by  means  of  measured  extincti  n 
of  a laser  line  is  illustrated  raphically  in  Figure  7.  The  upper 
portion  of  the  figure  shows  a transmission  spectrum  recorded  at  .7ATC, 
Patuxent  River,  Maryland’  for  the  conditions  listed  in  the  figure. 

The  SMI  response  to  the„Pl-ri  DF  laser  line  at  2717. 538  cm-1  is  shown 
in  the  lower  portion  of  the  figure,  Using  the  procedures  outlined 
above,  the  transmission  measured  at  this  line  was  51  which  value  is 
used  to  calibrate  the  FTS  spectra  as  sh, wn.  The  traces  shown  in 
Figure  7 are  copies  of  records  produced  by  the  FTS  data  system 
plotter  and  show  actual  signal  to  noise  ratios  observed  in  the  5 km 
transmission  spectra. 


An  example  of  recent  results  obtained  with  the  FT.-  system 
usin;'  several  DF  laser  transmission  calibration  points  is  shown  in 
Figures8  and  *.  The  upper  portion  of  each  figure  shows  transmissi;  n 
spectra  measured  at  dATC,  iatuxent  River,  Maryland  for  the  conditions 
indicated.  The  lower  portion  of  each  figure  shows  a calculation 
of  molecular  absorption  V or  the  conditions  listed  above  the  plot 
usin;  the  version  of  toe  :II-'~RAK  code  which  was  used  in  the  DF  laser 
line  calculations  uiscussed  earlier.  ' ’ As  evidenced  m Figures' 
and  ) the  overall  agreement  between  calculation  and  measurement  is 
remarkably  good.  Tne  calculation  indicates  sligntly  larger  line 
strengths  than  observed  for  some  of  the  weaker  absorption  lines  near 
2500  cm"l,  but  i'or  the  most  part,  is  quite  representative  of  obser- 
vations in  spectral  regions  shown  in  Figures8  and  9. 


Future  laser-FTS  measurements  will  include  comparisons  suet,  as 
those  shown  above  for  n wile  variety  of  atmospheric  c.  nditions  an  I 
f,  r other  spectral  regions , notably  4.ft~5um  and  ’-Hun  usin. 
an  I f v,  laser  extinction  measurements  respectively  f r rib.-.  1 ite 
transmission  calii  rations. 


3 . iar:  Filter  . u'relatlon  - pectr.  meter  ■ xperiment:-. 

a /.oi'riiaonl.ril  acilitio;-.  go  i in h _ eas  1 rementr. 

As  previously  iescribe i,  the  receiver  ptical  system  snov.1T 
in  i ire  6 is  ised  for  both  SM  and  IFCS  measurements.  Referrin 
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to  Figure  6,  the  5 an  diameter  beam  re-collimated  by  mirror  P2  is 
directed  into  either  instrument  by  means  of  a removable  flat  mirror. 

The  basic  operation  of  the  GFCS  device  is  shown  in  Figure  10.  The 
average  transmission  of  an  atmospheric  constituent  in  the  spectral 
interval  Av  is  given  by  the  expression  equated  to  I&.  The  energy 
t'rom  a greybody  source  spectrally  modulated  by  absorption  due  to 
one  or  more  atmospheric  constituents  is  collected  by  the  receiver 
optical  system  as  shown.  This  selectively  transmitted  energy  is 
passed  alternately  through  a spectrally  non-selective  attenuation 
arm  with  transmission  T^  as  shown  in  Figure  10,  or  through  a cell 
containing  a known  amount  of  the  absorber  under  study,  whose  trans- 
mission is  T (v).  The  non-selective  transmission  Tj,  is  initially 
balanced  against  the  average  transmission  of  the  cell  during  calibration. 
If  the  spectral  character  of  the  atmospherically  transmitted  energy 
resembles  that  of  the  cell  absorber  T'c(v),  then  a difference  in 
transmission  and  hence  a modulation  signal  will  result  when  the  light 
from  the  distant  source  is  passed  alternately  through  the  two  arms 
of  tlie  IFCS  instrument. 

The  particular  version  of  the  device  used  in  these  experiments 
contains  a known  amount  of  HDO  in  the  reference  cell  and  is  based  on 

t 

correlating  transmission  through  the  local  cell  yv/ith  the  amount  of 
HDO  absorption  in  the  atmosphere. 

b)  Rationale  F.>r  (las  Filter  Correlation  ;]pectr> meter  Measurements 


If  the  atmospheric  abundance  of  HDO  is  measured  along  the 
5 km  path  used  for  the  laser  extinction  and  SMI  measurements  by  means 
of  tiie  GFCS  then  a path  integral  value  for  atmospheric  water  vapor 
may  be  obtained  using  the  isotopic  abundance  of  :il)0/lL,0  of  V)30f . 

Since  water  vap.  >r  is  an  important  or  dominant  absorber  in  the  infrared 
regions  of  interest  f r atmospheric  transmission  studies,  a path 
integral  measurement  . 1'  water  vapor  concentration  is  very  important 
for  use  in  comparisons  of  transmission  data  to  calculational  models. 

Path  integral  measurements  such  as  provided  by  the  CdjVF  are  particularly 
useful  for  . verwater  transmission  experiments  where  mid-goints  along 
the  path  are  r>  t readilj  accessil  Le  to  standard  dew  poinx  observations* 

o _ >nt  cannot  utilize  nonaal.-tfater  vapor  as  the 

filter  -a.  because  an  amount  of  water  equivalent  to  that  present  in  a 
5 km  path  at  st<  idard  c nditi<  ns  cannot  be  maintained  in  the  vapor 
state  in  the  F 1'  L rcfrence  cell.  Due  to  the  small  amount  of 
It'1'  n<  rmall..  r-  ••nt  in  Lae  atm  sphere,  a greatly  enchanced  concentration 
relative  t.  tint  in  the  atmosphere  can  be  held  in  t!ie  vapor  state  in  a 
multi-  as  abi  r tion  :ell.  km  path  equivalent  amount  < f 

is  contained  in  the  ; multi-pass  reference  cell  which  affords  a 
total  path  of  ho  meters. 
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c)  das  Filter  Correlation  Spectrometer  Measurement  Results 

Figure  11  is  a plot  of  data  taken  during  recent  experiments 
at  the  Patuxent  Naval  Air  Station  showing  a comparison  of  water  vapor 
measurements  obtained  with  the  GFCS  and  with  Ed'cG  model  110  dew 
point  hygrometers  located  on  shore  at  each  enl  of  the  5-12  km  overwater 
path.  The  GFCS  data  are  consistently  lower  than  the  fixed  point  , 
measurements  by  ^ 30r/)  when  a value  for  the  HDO/il^O  ratio  of  3x10“  ' 
is  used  in  reducing  the  GFCS  data.  Further  analysis  utilizing  high 
resolution  spectra  such  as  that  shown  in  Figures  ■;  and  9 is  currently 
being  pursued  to  resolve  the  apparent  discrepancy  between  the  twro 
methods  of  water  vapor  measurement.  Independent  iDO/ilgO  ratioes 
will  be  derived  from  spectra  taken  during  the  GFCS  measurement  times 
shown  in  Figure  11  using  measurements  of  individual  1^0  and  HDO 
spectral  lines  together  with  recent  line  strength  data. -*-5?  16  j\  good 
possibility  exists  that  the  3x10" r abundance  ratio  cannot  be  universally 
applied  to  all  locations  at  sea  level.  Since  the  HDO/h^O  ratio  is 
very  important  in  determining  DF  laser  propagation,  it  is  quite 
important  that  this  question  be  actively  pursued. 

Atmospheric  Transmission  Program  Plans  for  trie  Fear  Future 
(FY77) 


An  in-depth  atmospheric  transmission  measurement  field 
experimental  program  is  planned  for  execution  during  the  period 
Ferbruary-April  1977-  Based  on  an  evaluation  of  results  obtained 
during  earlier  tests,  a propagation  range  located  at  the  Cape 
Canaveral  Air  Force  Station  (CCAFS) , Cape  Canaveral,  Florida  has 
been  selected.  Both  5-1  and  3.2  km  overwater  paths  are  available 
at  this  location.  Large  variations  in  absolute  humidity  ,5-20  Torr 
H2O  partial  pressure)  were  observed  during  a February-March  1975 
measurements  program  at  this  site  and,  in  addition,  aerosol  distributions 
typical  of  open  ocean  conditions  were  measured  for  easterly  winds 
bloving  across  the  measurement  path  from  the  Atlantic  Ocean.  A 
combination  of  factors  including,  good  site  access,  relative  proximity 
to  MRL,  and  excellent  range  support  provided  by  the  Naval  Ordnance 
Test  Unit  (NOTU)  and  the  Air  Force  Eastern  Test  Range  (AFETR),  as 
well  as  anticipation  of  very  desirable  meteorological  conditions 
make  this  location  a compelling  choice. 

Laser  extinction  measurements  using  Nd-YAG,  DF,  short 
wavelength  (4. 8-5.1  |um)  CO,  and  C09  laser  sources  will  be  performed 
for  the  twofold  purpose  of  a)  laser  line  propagation  algorithm 
development  and  b)  high  resolution  transmission  spectrum  calibration. 

Gas  filter  correlation  spectrometer  data  will  be  taken  simultaneous!;, 
as  well  as  extensive  meteorological  data  using,  fixed  measurement 
stations  at  each  end  of  the  transmission  path  as  well  as  a movable  > 
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intermediate  station.  A current  measurement  objective  calls  1 r 
simultaneous  dew  point  and  aerosol  distribution  characterizations 
at  two  locations  in  an  attempt  to  better  define  the  homogeneity 
of  conditions  alone  the  propagation  path.  Additional  information 
concerning  details  of  the  URL  aerosol  measurement  system  and 
capabilities  are  presented  in  a comparison  paper  at  this  conference. ^ 

In  addition  to  addressing  the  principal  objective  of  ill -TRAN 
code  validation,  the  forthcoming  CCAFS  experiments  will  provide  an 
ideal  theater  for  extension  of  the  transmis some ter  system  evaluation 
begun  during  the  Patuxent  tests.  A transmis some ter  system  similar 
to  the  one  described  at  tliis  conference-^  is  scheduled  for  delivery 
to  the  Naval  Weapons  Center  (NWC),  China  Lake,  for  use  by  the  Optical 
Signatures  Program  (OSp).  Simultaneous  experiments  with  the  NRL 
laser  calibrated  high  resolution  transmission  measurements  and  the 
OSP  transmis some ter  system  for  a wide  variety  of  measurement 
conditions  will  significantly  improve  the  understanding  of  the 
transmis someter ' s operating  characteristics  and  should  result  in 
enhanced  reliability.  These  joint  experiments  are  now  being  planned. 

A high  resolution  infrared  target  signatures  measurement 
program  utilizing  the  NRL-FTS  capability  will  be  evaluated  for 
execution  sometime  after  the  CCAFS  experiments.  Several  high  resolution 
(<  0.1  cm"-  emission  spectra  from  Navy  jet  aircraft  operating  at 
I1ATC,  Patuxent  River  were  obtained  during  the  course  of  the 
transmission  tests  described  above.  High  signal/noise,  high  quality 
emission  spectra  were  obtained  over  a 5 km  path  using  the  system 
described  earlier  and  demonstrate  the  feasibility  of  using  the  NRL 
system  for  a long  path  target  signature  measurement  program. 
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COMPARISON  OF  MEASURED  AND 
CALCULATED  MOLECULAR  ABSORPTION  FOR 
MID  LATITUDE  SUMMER  CONDITIONS 
(14.26  TORR  PARTIAL  PRESSURE  H20) 


LINE 

POSITION 
(cm-1 ) 

d(km' 

EXP~ 

-1) 

CAL 

(EXP-CAL)/CAL 
% DIFF 

,rEXP/CAL 

O/ 

/o 

P3(1 0) 

2496.721 

.0516 

.0514 

.4 

4.7 

P3(9) 

2521.769 

.0364 

.0366 

.5 

12.5 

P2(1 2) 

2527.391 

.0340 

.0346 

- 1.7 

4.0 

P3(8) 

2546.375 

.0561 

.0511 

9.9 

9.3 

P2(1 1 ) 

2553.952 

.0360 

.0365 

- 1.3 

16.0 

P3(7) 

2570.522 

.0701 

.0648 

8.2 

5.7 

P2(10) 

2580.096 

.0736 

.0678 

8.7 

17.7 

P3(6) 

2594.197 

.0364 

.0308 

18.1 

8.8 

P2(9) 

2605.806 

.0554 

.0513 

8.0 

16.2 

P3(5) 

2617.386 

.0221 

.0229 

- 3.5 

10.7 

P2(8) 

2631.067 

.0302 

.0360 

- 16.0 

13.3 

P2(7) 

2655.863 

.1023 

.1004 

1.8 

4.4 

P1(10) 

2665.219 

.0460 

.0381 

20.5 

16.7 

P2(6) 
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Transmitter  Optical  : 'enema tic 

Legend:  Ll-^Omw  HeNe  laser,  Li’-0..'5  watt  Nd-YAO,  laser,  L3-lw  HF/l  !•'  In  so 

Jj4-20w  COo/lw  CO  laser,  L5-HeNe  alignment  laser.  IR-^reybody  s.  urce, 
BKl-2-relracting  beam  expanders,  Dl-HeNe/Nd-YA  ; dichroic,  I -visible/.’ 
'lictiroic,  D3-visible/HF/DF  or  CO  dichroic,  M-pupil  mask,  OAi-otT  axis 
parabolic  mirror,  C-37Hz,  50'/  chopper,  CD-stationary  detect*  r,  IT -mobile 
detect. >r  (calibration),  CP-Casse^rain  primary,  , - ass.  , rain  see.  ndnry. 
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Scanning  Michels. »n  Interferometer  fnectra  dear  . ’7-  > cm" 

Legend:  upper  trace-experimental  measured  transmission  of  a 5.1.  km 
path  for  1:  Torr  H20  and  a visual  ran{je  at  0.65  pm  of  31  km.  Actual 
lata  trace);  lower  trace-SMI  response  to  the  PI-  ;•  laser  line  at 


2717»538  cm“4-.  fhe  measured  Laser  transmissi  >n  was  . l aider  the  at  ■ 


conditions  and  the  upper  trace  was  n>  rmali/ed  t> 
laser  frequency. 
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Some  problems  associated  with  this  process  v.rill  be  discussed. 

A short  description  of  future  expansion  of  the  system  for  studying 
spatial  distributions  of  the  aerosol  field  will  also  be  presented. 

SYSTEM  DESCRIPTION 

As  stated  in  the  title  this  paper  describes  an  aerosol  measurement 
capability  used  for  the  study  of  laser/aerosol  interactions.  'he 
system  itself  will  first  be  briefly  described.  This  will  be  followed 
by  samples  of  measurement  results  obtained  over  the  last  . years. 
Included  there  will  be  a discussion  of  the  approach  to  data  reduction. 
Finally,  a presentation  of  the  current  state  of  this  evolvin  system 
is  given. 

Initially,  the  aerosol  monitoring  system  was  put  together  as  a 
support  for  optical  transmission  measurements  in  the  field.  . ne 
mobile  laboratory  shown  schematically  in  Fig.  1 is  the  result  of  an 
effort  to  satisfy  the  requirements  of  that  type  of  < peration. 


fi  ■ l.  hi h ■ 

■ syst<  an  Is  • nq  sed  i /ehicle  r the  electronic  ear  an 
two  towers  on  which  are  mounted  the  mot’-  rol  ical  sens-  rs  and  the 
parti  -i  c m t-  - r - . ■ ■ - 1 1 - - Ld  sors  for  monil  rin  air 
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temperature , lewpoint,  wind  speed  and  wind  direction.  I:.e  "aerosol 
tower”  has  mounted  on  it  Particle  Measuring  System  spectrometer 
probes.  Che  PMS  active  probe  counts  and  sizes  partieles  from  0.1  u 
t.  about  4 _ radius.  The  high  volume  PMS  classical  pr<  be  m nil  r 
particles  from  1.0  u to  15  u.  The  tw<  towers  can  be  located  up  to 
40  meters  from  the  vehicle.  Also  routinely  monitored  are  solar 
radiation  .using  an  Eppley  black  and  white  pyrnell '-meter  and  barometric 
pressui’e. 

The  van  is  a converted  25  ft.  motor  hone,  which  can  be  driven 
nearly  anywhere  that  doesn't  require  specialised  vehicles.  Inside 
it  is  the  equipment  which  processes  all  the  inf-  mat!  n from  the  tv.v 
towers.  Hie  PMS  Data  Buffer  contains  12  A/,  channels  for  th<  net 
information  and  can  handle  up  to  3 of  the  IMS  aer-  sol  probes.  This 
device  formats  all  the  data  and  puts  it  on  an  IBM-c  mpatible  )-trac 
computer  tape  along  with  tiie  year,  iay  and  time  of  day.  ver 
continuous  hours  of  data  can  be  written  on  one  tape. 

Also  shown  in  Fig,  1 are  a C 3 . monitor  in  the  van  which  is 
available  if  needed  and  a 3-c-  lor  scattering  coefficient  monitor. 

Tiie  latter  instrument  is  a recent  acquisition  from  21.'.',  Inc.  It  is 
a volume  scattering  nephelometer  which  measures  li  :it  scattered 
forward  between  the  cones  < f 45  and  55(  • force  filters  allow  the 
measurement  at  3 wavelengths,  viz  .55  id,  *7  - and  1.  . |u.  irth<  r 
discussion  of  this  instrument  will  be  given  in  anotner  report. 

ilie  outputs  of  both  of  the  last  two  instruments  are  also  placed 
into  the  A/D  inputs  in  the  RMS  data  buffer.  a th  past,  spj re 
channels  have  been  used  by  other  experimenters  f r ease  of  comparison 
with  the  aerosol  and  met  data,  e.g.  f<  r f<  risiomel  r and 
nephelometer  outputs. 

Data  redaction  is  currently  lone  by  takin  the  mi  n td  • 
back  to-  the  computer  center.  As  well  ■ s | rinte  l data,  ri  deal 
it]  it  is  also  available  in  primarily  f rms.  le  first,  s wn  in 
Fig.  is  a plot  of  a i minute  - . en  e aer  s 1 listril  td  n. 
on  this  ffl/dr  r pl<  t is  iven  the  1 tal  numl  r - arl  1 :1<  f r 
the  size  range  c<  vered,  and  I le  cross  secti  nal  area  and  th<  .1... 
of  the  particl  s in  t at  size  range.  he  squar  an  circles  . t 
pi<  t in lica te  ran  ;es  - l e acti  ve  probe,  1 1 rd angle;  xoi 

lata  fr  m t ilassical  probe.  For  i typical  lati  run,  one  f t ■ 
pl<  ts  is  pr<  ; . ;e  l for  eac  < ir,  alt  ough  i ...  ti»<  and  tin»  i 
is  available  upon  request. 

Ihe  second  format  output  . f the  lata  re  i ic-l-  ..  l.e 
met  variables  and  s.  me  ; ■ rti  -le  inf  nw.ti- >n  si  tt  : s 

lay.  An  example  is  sh<  wn  in  Fig.  3«  n t r grc 

t - ■ n mil  ■ r particles  s rt  i in  si  rangi  - i Lcated 


s any  of  the 
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legend.  Tliese  values  are  obtained  by  integrating  curves  of  ttie  form 
shown  in  Fig.  2.  The  lower  shows  the  solar  radiometer  readings  for 
the  same  times.  Cross  correlations  between  'data  sets  for  t:.e  same 
day  are  routinely  made. 


R MICRON 


HOUR  Of  OAT  Tf, 


PLC 


FT  JURE  2.  SAMPLE  6 MINUTE 
AVERAGE  DISTRIBUTION 


The  example  of  Fig.  3 is  given  t<  point  out  a particular  phenomenon. 
With  respect  to  correlations,  this  day  shows  a particularly  str 
negative  correlation  between  particle  © int  and  solar  radiation 
this  daj  • broken  clouds.  For  the  appropriate  mmi  lil  c nditi<  ...  . 
the  following  occurs.  When  the  sun  comes  < ut  from  be  dnd  • cl<  I t e 
particle  count  decreases  as  the  individual  particles  are  "b.  ilo.i" 
to  a smaller  size,  this  shiftin  the  i.  lr  curv<  t thi  1<  ft.  . 
the  sun  oes  back  behind  the  cl<  id  the  opposit*  ccurs.  ■ im  r i ic< 
of  tlds  is  that  it  is  important  if  an  attempt  is  ma  ie  t>  compare  the 
point  location  aerosol  measurement  vdta  a Ion.  pat!,  fransmirsi. 
experiment.  It  could  easily  b<  the  cas<  thal  i • aer  Lc  iter  c 

bi  readin  somethin  that  is  nol  at  all  representati  e t ntir< 
path  mder  these  and  i I ter  c nditions.  More  will  be  said  ab<  il  t < 
spatial  distribution  of  aerosols  nr  i Jem  • t,  • la',  r inr  in  1.  ■ r, 
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Some  typical  aerosol  distributions  male  with  the  system  before 
the  addition  of  the  high-volume  Classical  probe  are  shown  in  Figs.  4, 
5 and  6.  Three  representative  samples  from  a beach  at  Cape  Canaveral 
are  shown  in  Fig.  4.  Note,  there,  that  in  general  the  slope  of  the 
curve  is  approximately  the  same  (s^r- ; for  those  times;  only  the 
number  has  changed.  There  were  days,  however,  when  this  was  not 
the  case. 


.975 

Florida  be. ach 
DAY  0i 


\ \ \ 

\ 

V-  \\> 


1975 

C APASTRANO 
DAY  179 
_ DAY  2 53 
DAY  260 


I \ \ 


, 2 J4}«T89iO°  * i 4^87*9 

Bin  GFUMETRIC  MEAN  RADIOS  (MICRONS/ 


FI  JURE  4.  FLORIDA  BEACH 
DISTRIBUTIONS 


10  1 * * 1 * * * ‘ “ . * * * * ‘ * 

10  2 5 4 5 6 T 8 9 10°  2 5 4 U'lJiJ1 

BiN  GCOME  TRlC  Ml  AN  RADIUS  l MICRONS! 


JUR  5.  :A3  EST1  AN ) TEST 

SITE  DIC ERIBUTIONS 


10*  ^ \ 

A \ 


<975 

PT  LOMA 
DAY  ,82 
DAY  169 


2 I 4 ^ 6 7 8 9 > 2 S 4 5 8* 

B'N  t Ml  tw  Ml  AN  RADii  M w.  N 


l " ■ rs  RIBUI 


'r:  TAC.TF! 


•H)7 


UNCLASSIFIED 


In  Fig • 5 is  shown  measurements  made  at  the  TRW  Capistrano  Test 
Site  on  the  west  coast.  The  sampling  location  was  about  3 miles 
inland.  Note,  again,  that  the  three  curves  could  be  roughly  approxi- 
mated by  an  r-4  slope  with  a varying  total  count. 

Before  becoming  too  complacent  about  the  r" 1 usage,  however, 
consider  in  Fig.  6 the  two  samples  taken  on  Point  Loma  in  Can  Diego, 

CA.  There  the  sampling  was  done  at  a point  several  hundred  meters 
from  the  shore  at  an  altitude  of  about  120  meters.  Although  the 
solid  line  shows,  once  more  the  r“4  dependence,  the  dashed  line  gives 
a slope  less  steep  than  r"6.  The  latter  wras  due  to  a low  stratus  fog 
which  became  more  dense  but  was  not  at  all  evident  at  the  time  of  the 
measurement . 

An  obvious  point  of  interest  in  the  last  three  figures  is  the 
prominent  bump  on  several  of  the  curves  near  0.7  u radius.  This  is 
a machine  dependent  result  and  occurs  due  to  a multiply  valued 
sensitivity  curve  in  the  active  scattering  probe.  It  does,  however, 
seem  to  also  depend  on  other  factors  since  it  is  not  always  present. 

It  appears  to  change  with  the  relative  humidity,  indicating  that  tiie 
different  curve  forms  are  due  to  either  an  index  change  or  the  sphericity 
of  the  particles  or  a combination  of  the  two. 

It  should  be  pointed  out  that  Fig.  2 is  yet  another  sample  dis- 
tribution; one  that  includes  the  high-v  lume  classical  scatteriu 
probe.  The  addition  of  this  probe  gives  an  obvious  increase  in 
knowledge  of  the  distribution.  The  location  for  this  sample  is  near 
the  Chesapeake  Bay  about  40  miles  southeast  of  Washington,  I . '. 

In  the  summer  of  1976  we  joined  several  other  experimenters  < n 
an  expedition  to  Trinidad,  CA  to  make  measurements  on  the  recurring 
fog  at  that  location.  Many  optical  particle  counters  were  availal  I 
at  the  site,  on  several  < ccasii  ns  < f clear  conditi< ns,  the  optical 
counters  were  gathered  to  monitor  a similar  natural  air  sample  in 
order  to  make  comparisons  between  counters.  Figure  ' is  . ne  result 
of  that  comparison.  A more  detailed  evaluation  inv<  Ivin  ab<  li  14 
such  comparisons  is  being  prepared  for  another  report. 

Since  one  of  the  purposes  of  the  van  and  its  equi.ament  is  ti.o 
support  of  optical  transmission  measurements,  ■ n»  th<  1 f r :alcul(  tin 
the  predicted  extinction  from  a given  aerosol  iistrilution  m.st  be 
available.  This  is  lone  in  a second  pass  s ftws  re  eration  n th< 
lata,  i.e.,  files  containin  the  avera  ed  size  listri  iti  ns  f r th< 
time  desired  are  used  with  Mie  scattering  tiicor.v  to  calculate  i the 
desired  scattering  pr  per ties. 
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HARTiCU  COUNTER  COMPARISON 
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FIGURE  7.  PARTICLE  COUNTER  COMPARISON 

The  extinction  coefficient  is  calculated  from  the  sice 
distribution  as  shown  in  Eq.  1, 


X.n  =Jo(X,n)^7rr2dr 


(I  ) 


where  e is  the  extinction  coefficient,  dN/dr  is  the  size  distribution, 
r is  the  radius  of  the  particle  and  0 is  the  Mie  efficiency 
ihnction  for  extinction,  which  is  dependent  both  on  the  wavelength 
and  n,  the  complex  index  of  refraction. 

In  doinc  this  calculation,  several  assumptions  are  made.  The 
first  is  that  the  particles  are  spherical.  .he  second  is  that  the 
index  is  not  only  known,  but  is  taken  to  be  constant  over  the 
distribution.  Under  many  conditions,  these  assumption  my  be  quite 
acceptable,  e.  .,  under  c mlitions  of  hi vh  relative  humidity . '..'hen 

the  as sumption  are  not  quod  the  resultant  error  in  tiie  calculati  n 
may  still  be  small.  The  particular  situation  must  be  evaluated. 


To  Live  an  understanding;  of  the  process  of  the  calculation,  q.  1 
is  regrouped  into  the  form 


c t -J QdS 


(«i) 
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where  dS  is  referred  to  as  the  differential  cross  sectional  area, 
raking  Fig.  9 as  a sample  iistributxon,  the  pi<  e s f t ie  inte  n ad. 

I,  2 are  plotted  in  the  upper  half  of  Fig.  9.  I he  dS  for  that 

listribution  is  plotted  there  as  ■.•.•ell  as  the  ie  scatterin  - functi.  n 
for  two  different  indices  of  refraction,  fhe  ..  shown  is  for  3."  u 
radiation.  Do  do  the  integral  of  Eq.  2 one  starts  at  the  left  < f 
the  plot,  forming  a product  cf  the  first  ..dS  pair,  w.aich  is  added 
to  tiie  product  of  the  next,  etc.,  until  the  integral  Is  finished. 

The  resultant  "running  integral”  obtained  in  this  manner  is  shown 
in  the  lower  half  of  Fig.  9*  Four  of  them  are  shown  f<  r different 
values  of  the  index  of  refraction. 
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{nation  1 showed  the  inti  ral  to  b<  < rer  all  parti  ;le  sizes. 

I . tii  n . shows  only  an  integral  over  r,  indicatin  t al  t e 
integration  is  tc  be  done  only  over  the  .-mown  range  of  the 
distribution,  .we  inqiortance  . f the  form  < f the  runnin  int<  ral 
is  that  it  shows  whether  thi  integration  is  "finished".  bat  is, 
in  order  for  the  integration  to  be  completi  . the  curves  f r 
integral  must  be  reaehin  i ri  ntal  asym  I ti  . bus  fi  r t h 

exam)  Le,  if  the  • rtielei  I an  index  < f 1.1  t e inte  ral  is  ne«  rlj 

complete ; if  the  index  was  L.  • then  mi  n inf  nnati  n i;  bvd  .1 
needed  al  it  lar  ;er  particles  than  is  si  .....  I listri  ti  . . 

This  sample  distribution  was  stained  with  . nl..  the  active  nr.  : 
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which  was  unable  to  count  particles  beyond,  about  5 U.  Although  it 
was  sufficient  for  some  distributions,  it  was  not  usually  the  case. 

The  addition  of  the  high-volume  Classical  probe  to  extend  the  range 
of  the  measurement  alleviated  tills  problem  as  will  be  shown  below 
in  another  example. 

Recently,  during  a field  trip  an  unexpected  occurrence  produced 
some  results  which  are  thought  to  be  quite  interesting.  While  making 
aerosol  distribution  measurements  under  conditions  of  very  clear  air, 
a large  cloud  of  smoke  passed  through  and  around  the  particle  counting 
equipment.  It  happened  that  a machine  gun  was  being  tested  about 
150  meters  directly  upwind.  A full.  2 minutes  of  smoke  from  a 30 
caliber  machine  gun  was  thus  made  available  to  us.  .iiis  occurred 
twice  during  the  day. 

The  particle  size  distributions  during  one  of  those  periods  is 
shown  in  Fig.  10.  The  distributions  shown  there  are  1 minute  averages. 
The  1514  time  is  before  t.ie  smoke  reached  the  counters.  lie  unusual 
structure  at  the  center  of  that  curve  is  due  to  low  counting  statistics 
of  the  Active  probe  and  the  way  the  curve  was  chosen  from  the  original 
■lata.  The  curve  at  1515  is  fully  into  the  smoke  as  was  1516  which  was 
nearly  identical.  At  1513  only  a sli..  :.t  uint  • the  smoke  shows  in 
the  large  particle  portion  of  the  spectrum. 
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A question  was  raised  as  to  what  extinction  this  smoke  might 
present  to  3.8  |~i  radiation.  Assuming  the  particles  to  be  spherical 
and  made  primarily  of  water,  a calculation  was  done  to  address  this 
question.  The  results  of  the  calculation  are  shown  in  Fig.  11. 


FIGI  11.  I . . ' I CALCULATION  IN  S3 

In  the  upper  n<  rtion  it  can  be  seen  that  most  of  the  cr  ss  section 
presented  to  the  beam  is  of  a fairly  limited  size,  a point  tu-it  is 
not  surprisin  . 1 rl  al  s ws  ip  very  well  in  fchi  type 

pr  ;sen1 1 bin  n.  ■■  1-  wer  v If  £ I fi  ; are  s ws  I ..  t dn  s : 
interest.  First,  t sre  is  en<  i knowledge  abi  id  ( listril  iti  n 
shape  in  the  large  size  end  of  the  particle  spectrum  t.  "linisn" 
the  integral.  Secondly,  the  seemin  Lj  small  1 * Ln  th< 

iistril  itions  al  11  and  151  re  lit  in  nearlj  a factor 
liff« renc  when  the  inction  calculation  is  done. 

b was  bated  arlier  thal  n<  f 1 major  roblei 
in  bical  r agati  i Ln  lvi  th<  :ompard  £ Ion 

bransmissi  i me*  res  its  il  Lnt  mea  remi 
tinction  media.  1 iloud  nu  Lulation  olar  radi  i roduc 
. subtle  1 im  rtf  ai  ■ 1 . or  atant  d 
situ  ke . 
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Equipment  is  currently  being  assembled  to  begin  a detailed  study 
this  spatial  distribution  of  aerosols.  A small  trailer  which  •.-.'ill 
be  used  as  a remote  station  is  being  outfitted  with  a • Mb  classical 
probe  and  the  required  meteorological  gear,  ihe  trailer  configuration 
is  shown  in  Fig.  11.  Also  seen  in  that  figure  is  the  microwave  dish 
associated  with  the  data  link  which  will  be  capable  of  sending  the 
information  back  to  the  main  station  the  van)  at  distances  up  to  10  ion. 
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The  entire  proposed  system  is  shown  in  Fig.  13.  rhe  11 
Data  System  will  be  used  for  on-line  examination  of  results;  a 
capability  sorely  needed  when  operating  in  the  field.  With  t i 
system  an  important  piece  of  information  can  be  obtained  concerning 
the  spatial  distribution  of  both  aerosols  and  water  vapor.  By  wi 
measurements  with  different  separations  of  the  stations , and  -under 
various  meteorological  conditions  the  error  budge b associated  with 
extrapolating  point  measurements  to  an  extended  path  can  be  properl;, 
assessed. 

This  work  sponsored  in  oart  by  toe  Naval  Sea  Systems  Command  PMS-401 
FM-22 . 
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TESTING  THE  STANDARD  MARINE  ATMOSPHERE  CONCEPT 

Stuart  Gathman 
Naval  Research  Laboratory 
Washington,  D.C. 


ABSTRACT 


The  vast  marine  meteorological  data  base  amassed  bv  the 
mariners  of  the  world  over  the  last  century  unfortunately  does 
not  provide  information  on  certain  parameters  essential  for 
the  evaluation  of  electro-optical  propagation  through  the  at- 
mosphere. An  effort  of  similar  magnitude  in  order  to  obtain 
these  desired  parameters  in  statistically  significant  quanti- 
ty is  out  of  the  question.  Although  there  exist  several  mod- 
els which  relate  the  desired  parameters  to  shipboard  observ- 
ables, no  statistical  assessment  of  these  parameters  is  di- 
rectly possible  because  of  the  well  known  inequality  that  even 
the  time  average  of  a function  of  several  variables  is  not 
equal  to  the  functional  value  obtained  by  substituting  into 
the  functional  formula  the  mean  values  of  the  variables. 
Therefore  this  paper  describes  a Monte  Carlo  technique  which 
computes  from  the  existing  mar  ne  meteorologica 1 data  base, 
the  desired  statistics  of  any  meteorological  parameter  signi- 
ficant in  electro-optical  propagation  for  which  a model  exists 
In  order  to  test  this  concept,  a standard  atmosphere  consist- 
ing of  a set  of  ogives  of  the  shipboard  observables  of  wind 
speed,  air  temperature,  relative  humidity,  a r-water  tempera- 
ture difference,  and  atmospheric  pressure  was  assembled  fro'i 
the  1975  Fog  cruise  of  the  USNS  Hayes  n the  area  of  Nova  Scot 
and  Newfoundland.  Ogives  of  turbulence  and  aerosol  parameter s 
were  computed  using  this  technique  and  the  statistical  results 
are  then  compared  with  the  results  of  direct  measurements  made 
on  the  same  cruise.  This  comparison  shows  that  given  an 
appropriate  model,  reasonable  statistics  of  any  parametei  can 
be  obtained  from  the  existing  data  bases. 
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INTRODUCTION 

It  is  desirable  to  know  the  probability  of  occurance  of 
certain  meteorological  parameters  which  are  believed  to  be 
inportant  in  the  propagation  of  electro-opt : cal  energy  through 
the  marine  atmosphere. 

The  historical  climatologies  represent  a concept  which 
could  be  useful  in  this  respect.  All  of  the  available  data 
can  be  presorted  and  expectation  values  of  the  key  parameters 
are  presented  as  functions  of  time  of  year  and  position. 

A naval  officer  who  wishes  to  know  how  an  electro-optical 
weapon  system  might  perform  the  next  day  at  a certain  geogra- 
phical location  could  use  such  an  historical  climatology. 

The  precision  of  such  a prediction  could  be  improved  however 
if  he  knows  something  else  about  the  situation  other  than 
the  date  and  position.  If  his  shipboard  measurements  indicate 
an  unusually  cold  air  temperature  for  this  time  of  year  for 
instance, this  type  of  information  should  be  able  to  be  used 
to  increase  the  precision  of  the  prognosis. 

Unfortunately  many  of  these  specific  parameters  (for 
example  the  refractive  index  structure  parameter)  have  not 
been  measured  enough  to  even  provide  the  most  rudimentary 
kind  of  historical  data  bank  on  the  statistics  of  these 
parameters.  At  best  representative  values  and/or  empirical 
relationships  between  these  desired  parameters  and  the 
historically  accumulated  shipboard  observations  are  all  that 
can  be  provided  in  many  cases.  When  such  models  are  used 
they  must  be  functions  of  observable  parameters  which  are 
included  in  the  historical  data  bank. 

The  most  direct  approach  which  utilizes  these  models 
is  that  of  calculating  the  desired  output  function  value 
from  several  simultaneously  measured  input  parameters. 

Therefore  in  order  to  obtain  statistics  of  the  output  function 
value,  large  groups  of  simultaneously  measured  input  parameters 
are  required.  Using  this  technique  then  it  would  never  do 
to  use  the  wind  speed  data  measured  at  dawn  with  the  air 
temperature  data  measured  at  sundown  nor  the  humidity  data 
from  six  ip  "i  ' with  the  pressure  data  of  ship  'j;'.  In  order 
to  design  experiments  with  this  technique  one  first  must  s or t 
out  the  desired  data  group  from  the  entire  data  bank  and  then 
from  each  complete  simultaneously  measured  data  group  the 
desired  manipulations  can  be  done.  Computed  statistics  from 
a large  number  of  such  operations  comprise  the  statistics 
of  the  measurement. 


UNCLASSIFIED 


UNCLASSIFIED 


An  alternate  approach  ( which  does  not  require  such 
an  extensive  data  base  to  operate  successfully)  is  to 
employ  a Monte  Carlo  technique  to  generate  the  required 
input  parameters.  A Monte  Carlo  method  solves  the  problem 
by  means  of  a series  of  statistical  experiments  which  are 
performed  by  applying  mathematical  operations  to  random 
numbers.  This  approach  substitutes  the  requirement  of  having 
simultaneous  measurements  to  that  of  requiring  that  each 
of  the  input  parameters  must  be  statistically  independent 
of  each  other . 

It  is  suggested  that  such  directly  measured  parameters 
as:  wind  speed,  air  temperature,  relative  humidity,  air  - 
water  temperature  difference,  and  atmospheric  pressure  are 
sufficiently  independent  so  as  to  be  useful  in  such  a 
Monte  Carlo  problenp  as  of  finding  the  true  cumulative 
distributions  of  CJ^  and  aerosol  size  distribution. 

If  such  a conclusion  can  be  justified,  then  the  required 
data  bank  for  the  prediction  of  parameters  such  as  the 
refractive  index  structure  parameter  can  be  considerably 
reduced  over  that  required  in  the  direct  approach.  Using 
the  Monte  Carlo  method,  if  certain  parameters  are  known  apriori 
to  be  within  certain  Limits,  it  is  quite  a simple  task  to 
upgrade  the  data  input  in  order  to  improve  the  "custom"cal- 
culation  of  the  probability  charactei'istics  of  key  electro- 
optical  parameters. 

THE  MONTE  CARLO  TECHNIQUE 

The  elementary  technique  used  to  generate  the  data  in 
this  paper  is  sketched  briefly  below.  Prerequisites  to  using 
the  technique  are:  first  to  have  an  appropiate  model  which 
defines  the  desired  output  function  value  in  terms  of  meas 
urables.  There  are  at  least  two  models  at  the  present  time 
which  give  either  the  refractive  index  structure  parameter 
or  the  temperature  structure  parameter  in  terms  of  shipboard 
observables.  One  model  is  given  by  Friehe  (1976)  and  is 
sometimes  known  as  the  bulk  aerodynamic  model,  and  the  other 
is  the  work  of  Davidson  of  the  NPGS  and  is  also  known  as  the 
Richardson's  number  model.  Other  models  such  as  one  by  Fitz- 
gerald and  Ruskin  (1976)  are  available  to  calculate  aerosol 
size  distributions  in  terms  of  shipboard  observables.  The 
second  prerequisite  is  to  have  frequency  distributions  of 
all  of  the  input  parameters. 

The  procedure  is  to  calculate  random  numbers  between 
the  maximum  and  minimum  found  in  the  input  frequency  distribu- 
tions for  each  particular  parameter.  The  next  step  is  to 
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keep  a frequency  distribution  of  the  random  parameters  used 
for  the  experiment.  If  at  any  point  the  frequency  distribution 
of  the  random  parameters  exceeds  the  input  parameter  frequency 
distribution,  the  computer  is  to  try  another  random  number 
and  to  keep  trying  new  random  numbers  until  this  condition 

Iis  met.  This  process  keeps  going  until  a full  set  of  semi- 
random input  parameters  is  available.  This  set  is  then  used 
to  calculate  the  model  value  for  the  individual  experiment. 

After  N experiments,  the  frequency  distributions  of  each  of 
the  random  parameters  which  were  finally  kept  for  use  in 

I the  experiment  very  closely  resembles  the  input  frequency 

distributions.  In  addition,  the  statistics  of  the  results 
of  the  experiments  may  be  kept  and  displayed  at  the  conclusion 
of  the  random  number  experiments.  This  technique  has  a small 
flaw  in  that  the  standard  deviation  of  the  chosen  random  numbers 
tends  to  decrease  as  the  numerical  experiments  continue. 

This  problem  could  probably  be  overcome  by  a complete  mixing 
of  the  random  parameters  prior  to  the  actual  calculation  of 
the  model  values. 

The  data  obtained  from  this  technique  is  of  course  sub- 
ject to  several  assumptions.  It  was  mentioned  earlier  that 
a prime  requirement  is  that  the  variables  are  truly  independent 
of  each  other.  Secondly  the.  data  from  using  this  technique 
can  only  be  as  accurate  as  the  model  being  used  to  describe 
the  phenomena.  Finally  we  assume  that  the  input  data  used 
in  the  input  frequency  distributions  is  exactly  what  the 
designers  of  the  model  had  in  mind  when  the  model  calls  for 
certain  input  parameters.  To  illustrate  this  last  point, 
consider  the  so  called  sea  surface  temperature.  Some  sea 
surface  temperature  data  is  obtained  from  infrared  thermometers 
aimed  at  the  sea  surface  and  these  instruments  provide  true 
measurements  of  the  temperature  at  the  air-water  interface. 

Other  sea  surface  temperature  data  are  obtained  from  "towed 
fish"  or  from  bucket  measurements.  These  devices  measure 
water  temperature  below  the  air-sea  interface.  These  simul- 
taneously obtained  temperatures  can  differ  from  each  other 
by  significant  amounts  but  this  difference  is  the  result  of 
real  air-sea  interface  processes  causing  large  temperature 
gradients  near  the  surface  and  thus  causing  the  apparent 
discrepancy  between  the  two  types  of  instruments.  Because 
of  these  assumptions  direct  testing  of  the  technique  is 
necessary  before  it  is  credible. 

INITIAL  TESTS 

An  excellent  opportunity  to  test  this  and  other  concepts 
is  now  available  from  the  large  broadly  based  data  archive 
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which  resulted  from  the  recent  marine  fog  cruise  of  the 
USNS  Hayes,  29  July-  27  August  1975.  This  archive  contains 
measurements  of  the  temperature  structure  parameters  which 
were  obtained  by  Russell  and  Schacher  (1976)  at  two  levels 
by  spectoral  analysis  of  temperature  fluctuation  data  from 
2.5  micron  diameter  platinium  wires.  The  data  from  their 
report  consists  of  235  individual  temperature  structure 
parameter  determinations  taken  throughout  the  portion 
of  the  cruise  represented  by  the  track  shown  in  figure  1. 


Throughout  the  same  period  of  time  many  different 
meteorological  measurements  were  taken  on  board  the  ship 
by  many  different  investigators.  Cumulative  distributions 
of  hourly  observations  of  some  of  these  key  measurements 
are  shown  in  figures  2 thru  4.  The  choice  of  why  a particular 
instrument  out  of  several  available  was  chosen  to  represent 
a certain  parameter  was  arbitarily  made.  These  distributions 
were  then  used  as  the  input  to  a Monte  Carlo  program  with 
the  results  shown  in  figure  5.  This  figure  also  shows  two 
cumulative  distributions  obtained  directly  from  Russell  and 
Schachers  data,  one  for  the  mast  measurements  and  one  for 
the  bow  tower  measurements.  Another  scale  is  shown  on  the 
top  of  the  figure  which  translates  the  temperature  structure 
parameter  into  the  refractive  index  structure  parameter  for 
ease  in  comparison  with  optical  propagation  problems. 


The  measurements  show  that  a standard  atmosphere  of  CL 
values  for  this  region  and  time  (ie  the  most  probable  50''  1 
of  the  observations)  were  within  the  range 
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whereas  the  Monte  Carlo  method  predicted  the  standard  atmo- 
sphere to  have  values  within  the  range 
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Similar  methods  using  the  data  from  cumulative  distributions 
of  windspeed  and  relative  humidity  can  be  used  to  predict 
a standard  atmospheric  aerosol  distribution.  Such  a distribution 
is  shown  in  figure  6 where  the  hatched  area  represents  the 
standard  atmosphere  distribution  (507  of  the  aerosol  si/e 
distributions  should  fall  inside  of  this  areal.  A small 
randomly  chosen  set  of  measured  size  distributions  from  the 
USNS  Hayes  1975  fog  cruise  is  superimposed  on  this  data. 

Here  again  predictive  theory  and  experiment  s how  a degree 
of  agreement  which  I consider  optomistic  for  an  experiment 
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of  this  nature.  I believe  that  refinements  in  both  theory 
and  instrumentation  would  reduce  the  offsets  shown  in  figures 
5 and  6 . 

CONCLUSION 

In  conclusion  it  should  be  noted  that  the  above  experiments 
were  carried  out  in  a very  small  portion  of  the  ocean.  NRL 
is  planning  a similar  cruise  for  May  and  June  1977  which 
among  other  things  will  provide  a broad  data  base  for  parts 
of  the  open  North  Atlantic  and  the  Mediterranian  Sea.  If 
the  standard  atmosphere  concept  holds  as  well  for  this  exper- 
iment as  it  did  for  the  Nova  Scotian  data,  I believe  that 
the  Monte  Ctirlo  computer  method  operating  under  the  constraints 
of  the  "custom  updated"  historical  data  bank  could  be  a 
valuable  tool  in  the  hands  of  an  officer  attempting  to 
predict  the  quality  of  the  operation  of  his  electro-optical 
systems  at  some  future  date  and  place.  Model  development 
as  well  as  the  obtaining  of  good  data  on  which  the  models 
can  be  tested  are  important  areas  for  the  establishment  of 
an  electro-optical  climatology  which  can  be  improved  as  the 
data  base  is  improved. 
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Fig.  4 Air-sea  temperature  difference  data  (figure  and  caption  unclassified) 


Ch  (M‘ 


CT  x I0"3  ) 

and  Cv  data  and  prediction  (figure  & caption  unclassified) 


001 


L 


This  paper  is  UNCLASSIFIED 

A FACILITY  FOR 
CHARACTERIZATION 
OF  TARGETING  SYSTEMS 


CAPTAIN  JAMES  D.  PRYCE 
CAPTAIN  EDWARD  H.  KELLY 
AIR  FORCE  AVIONICS  LABORATORY 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO 


ABSTRACT 


AFAL  is  responsible  for  developing  techniques,  hardware,  speci- 
fications, and  reliable  predictive  ability  for  Air  Force  targeting 
systems.  Classical  laboratory  and  flight  experimental  techniques  fail 
to  measure  the  real  world  utility  of  such  systems.  Characterization 
of  targeting  systems  requires  they  be  exercised  in  a calibrated  real 
world.  Air  Force  targeting  sensors  comprise  human  vision,  photography, 
television,  thermal  imaging,  radar  and  radiometry  covering 
from  0.4  to  1000  micrometers.  This  facility  furnishes  a 8 
path  calibrated  for  insolation,  aerosols  and  transmission, 
standard  meteorological  observables.  In  the  center  of  the 
large  reservation  for  location  of  synthetic  patterned  targets  (reflec- 
tive and  thermal)  as  well  as  operation  of  tactical  targets  such  as 
trucks,  guns  and  tanks.  This  facility  will  furnish  the  Air  Force  and 
AFAL  necessary  new  ability  to  exploit  technology  options  through  all- 
weather  test,  evaluation  and  validation  of  breadboard,  brassboard, 
production  subsystems;  through  feedback  to  designer, 
user,  resulting  in  better  sensors  and  smarter  users;  and 
validation  permitting  better  prediction  of  real  world 
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The  Air  Force  Avionics  Laboratory,  and  specifically  the 
Reconnaissance  and  Weapon  Delivery  Division,  is  responsible  for 
developing  techniques,  hardware,  specifications,  and  a reliable 
predictive  ability  for  Air  Force  targeting  systems.  These  targeting 
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sensors  comprise  human  vision,  photography,  television,  thermal  imaging 
radar  and  radiometry  covering  the  spectrum  from  0.4  to  1,000  micro- 
meters . 

In  developing  the  technology  to  support  new  and  improved  sensors, 
we  are  continually  faced  with  the  task  of  evaluating  the  merit  of 
competing  technological  options.  In  the  past,  the  state  of  technology 
itself  often  made  that  evaluation  for  us.  For  example,  until  just 
recently,  the  choice  between  3-5  ym  and  8-14  um  as  a spectral  region 
for  thermal  imaging  was  influenced  heavily  by  the  state  of  detector 
technology.  Today,  considering  only  the  merit  of  available  hardware, 
the  choice  between  3-5  um  and  8-14  um  is  less  obvious.  We  must  look 
to  other  criteria  on  which  to  make  this  choice.  The  most  important 
criterion  we  can  look  to  is  the  eventual  utility  of  a sensor  in  the 
real  world.  How  does  that  sensor  perform  in  the  natural  environment 
in  which  it  must  operate?  Obviously,  the  scenario  in  which  the  sensor 
will  be  used  exerts  the  major  influence  on  the  technological  approach 
taken,  especially  when  one  considers  the  recent  and  rapid  advance- 
ment in  sensor  technology  at  most  wavelength  regions.  To  aid  in  this 
evaluation,  the  Avionics  Laboratory  has  taken  the  step  to  extend 
laboratory  development  of  sensor  systems  out  into  the  real  world  by 
establishing  the  Targeting  Systems  Characterization  Facility. 

The  purpose  of  the  Targeting  Systems  Characterization  Facility  is 
to  quantitatively  relate  the  performance  of  targeting  systems  with  the 
natural  environment  in  which  they  will  be  required  to  operate.  The 
need  to  know  this  relationship  stems  from  our  basic  mission  and  the 
fact  that  the  development  of  technology  must  preceed,  by  several  years, 
the  design  of  systems  in  which  that  technology  is  used.  In  the  past, 
the  evaluation  of  sensor  performance  was  guessed  at  by  the  developer 
and  discovered  only  the  end  user.  Traditional  ways  of  doing  this 
performance  evaluation  are  not  satisfactory  or  complete.  Classical 
laboratory  measurements  establish  only  baseline  performance  in  a benign 
environment.  Flight  testing,  while  realistic,  is  time-comsuming , 
difficult  to  instrument,  beset  by  problems  unrelated  to  the  sensor, 
and  extremely  expensive.  Computer  modeling  is  an  attractive  alter- 
native, but  its  reliability  is  often  unknown.  We  still  lack  an  under- 
standing of  many  processes  in  the  atmosphere  and  how  they  affect  sensor 
performance  and  target/background  signatures.  There  is  almost  a 
complete  lack  of  high  quality  sensor  performance  data  collected  under 
known  atmospheric  conditions  on  which  sensor  performance  models  can  be 
developed  and  their  predictive  ability  verified. 

The  Targeting  Systems  Characteri zation  Facility  provides  a 
complement  to  laboratory  testing,  which,  although  precise,  accurate 
and  cheap,  is  not  a complete  measure  of  real-world  utility;  and  flight 
testing,  which,  although  necessary  and  useful,  is  neither  precise 
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nor  accurate,  yet  is  very  costly.  Due  to  the  high  cost  and  long  lead 
time  involved,  a better  and  cheaper  way  to  include  a measure  of  real 
world  utility  must  be  inserted  into  the  sensor  development  process. 

It  cannot  wait  for  the  existence  of  prototype  flight  hardware.  The 
Targeting  Systems  Characterization  Facility  gets  us  out  into  the  real 
world  to  find  out  if  the  technology  we  are  developing  gives  the 
performance  we  need  and  to  optimize  our  approach  at  the  least  costly 
stage  of  development. 

The  physical  description  of  the  Targeting  Systems  Characterizati on 
Facility  is  relatively  simple,  consisting  of  three  major  components: 
the  sensor  platform,  the  target  complex,  and  the  array  of  instruments 
along  the  optical  path  from  the  platform  to  the  target  area.  The 
sensor  platform,  in  the  upper  floors  of  the  Avionics  Laboratory  twin 
towers  building,  houses  sensor  bays,  equipment  racks,  and  sensor 
output  display  and  recording  equipment.  A sensor  in  any  stage  of 
development  can  be  placed  on  a dollied  table,  elevatored  to  the  plat- 
form, and  easily  rolled  into  place  for  operation.  Space  exists  for 
pilot  positions  complete  with  sensor  displays  and  controls  for  human 
factors  evaluation.  Side-by-side  sensor  bays  permit  comparative 
and/or  competitive  sensor  evaluation. 


Figure  1.  Targeting  Systems  Characterization  Facility 


Located  8 kilometers  east  and  at  an  elevation  200  feet  Tower 
than  the  sensor  platform  is  Trebein  Reservation.  Positioned  at  Tre- 
bein  are  platform  visual  and  infrared  targets.  Real  military  targets 
include  buildings,  radar  antennas,  trucks,  and  an  antiaircraft  gun. 

Synthetic  targets  such  as  impulse  functions,  both  visual  and  infrared, 
and  bar  targets  are  also  positioned  at  Trebein.  The  reservation  is 
surrounded  by  grass/farm  land,  small  wooded  areas,  and  country  high- 
ways. Between  the  target  area  and  the  sensor  platform  the  gently 
rolling  terrain  is  mostly  grass/farm  land  dotted  with  wooded  areas, 
barns,  and  clusters  of  houses  and  crisscrossed  by  power  lines,  country 
roads,  several  busy  streets,  and  an  interstate  highway. 

At  the  sensor  platform,  at  the  target  complex,  and  along  the 
path  between,  instrument  packages  collect  data  on  both  the  more 
familiar  meteorological  parameters  such  as  temperature  and  dew  point, 
wind  speed  and  direction,  pressure,  and  rainfall;  as  well  as  those 
path  parameters  needed  for  a more  complete  evaluation  of  sensor 
performance  such  as  aerosol  size  distribution,  rain  rate  and  drop 
size  distribution,  forward  and  integrated  scatter,  and  the  turbulent 
structure  of  the  atmosphere.  Atmospheric  transmission  in  both  the 
visible  and  infrared,  in  both  narrow  and  broad  wavelength  bands,  is 
measured  over  the  entire  8-kilometer  path. 

« 

Current  and  future  efforts  in  the  area  of  hardware  evaluation 
include  the  PAVE  TACK  Thermal  Imaging  System  (TIS)  competitive  pro- 
totypes, Next  Generation  TIS  using  focal  plane  array  technology,  the 
Common  Aperture  Techniques  for  Imaging  Electro-optical  Systems  (CATIES) 
program,  the  Long  Range  Electro-optical  Reconnaissance  System  (L0RE0R) 
program,  and  the  El ectro-optical  Fire  Control  System  proqram,  among 
others.  Investigations  planned  to  look  at  generic  sensor  problems, 
as  opposed  to  specific  pieces  of  hardware,  include  a comparison  of 
3-5  urn  and  8-14  pm  spectral  regions  for  bandwidth  optimization  and 
comparative  atmospheri c/tarqet/background  effects,  mi  1 1 imeter-wave 
transmission  and  target/background  effects  in  both  clear  and 
adverse  weather  conditions,  laser  designator  performance  under  L>w 
visibility  conditions,  scene  dynamic  range  compression  as  a function 
of  scene  energy  and  cloud  cover  in  both  the  visual  and  infrared 
regions,  and  a host  of  others. 

An  example  of  what  a typical  hardware  evaluation  might  involve 
includes  the  standard  performance  parameters  of  siqnal-to-noise 
ratio,  contrast,  system  MTF  and  MPT/^RC,  and  addi tionally,  the 
detection  range  and  recognition  performance  (including  display  ml 
human  factors)  of  the  system  over  a wide  range  of  environmental 
conditions.  This  characterization  answers  both  the  requirement  of 
the  system  developer  to  know  how  close  he  is  to  his  performance 
goals  and  provides  the  much-needed  quantitative  feedback  to  tech- 
nology community  indicating  where  future  emphasis  should  be  placed. 
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In  summary,  the  complete  characterization  of  sensor  systems 
requires  that  they  be  exercised  in  a known  real  world  environment. 

The  Targetinq  Systems  Characterization  facility  brings  together  at 
the  same  time  and  place  the  three  major  factors  which  influence 
sensor  performance:  the  sensor,  the  atmospheric  path,  and  the  target 
and  its  background.  All  three  of  these  factors  will  be  present  in 
the  operational  users'  world;  all  three  should  be  included  in  the 
system  developers'  world  at  the  earliest  possible  time.  The 
Targeting  Systems  Characterization  Facility  will  furnish  the  Air 
Force  and  the  sensor  community  a new  ability  to  exploit  technology 
much  more  cost-effectively  through  real-world  test,  evaluation, 
and  performance  assessment  of  sensor  systems  at  every  stage  of  the 
development  cycle.  The  resulting  feedback  to  the  designer,  developer, 
and  user  will  produce  both  improved  sensors  in  less  time  and  at  less 
cost,  and  better  understanding  of  the  true  operational  capability 
that  technology  can  offer  to  our  customers. 


( This  page  intentionally  left  blank.  ) 
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ABSTRACT 

A portable  transmissometer  was  developed  lor  asses- 
sing the  influence  of  aerosols  on  atmospheric  laser  propa- 
gation. Atmospheric  baselines  on  the  order  of  1 km  were  si- 
mulated over  a folded  path  of  20  m in  a cell  by  introducing 
aerosol  in  which  the  dispersed  phase  was  concentrated  up  to 
two  orders  of  magnitude.  The  designs  of  the  concentrator  and 
the  transmission  cell  are  described  and  results  are  given  of 
some  initial  laser  transmission  measurements  through  concen- 
trates . 


1.  INTRODUCTION  - Rapid  changes  in  the  concentration,  chemis- 
try, and  sizes  of  airborne  particles  may  well  be  the  norm  in 
many  battlefield  situations.  Under  those  conditions  the  rapid 
assessment  of  the  influence  of  the  aerosols  on  the  propaga- 
tion environment  becomes  essential.  The  combination  of  the 
new  aerosol  concentrator  and  a portable  transmission  cell 

has  the  potential  of  giving  near  real-time  values  of  the 
aerosol  scattering  and  absorption  coefficients  for  radiation 
wavelengths  extending  into  the  infrared.  The  greatly  in- 
creased particle  concentration  in  the  cell  provides  a favor- 
able signal-to-noise  ratio  to  make  those  measurements  pos- 
sible. This  paper  describes  the  current  status  of  the  con- 
centrator and  cell,  the  results  of  some  transmission  mea- 
surements with  the  system,  and  future  plans. 

2.  INSTRUMENTATION  - A device  for  concentrating  aerosol 
particles  in  the  suspended  state  must  meet  one  major  require- 
ment in  order  that  meaningful  extinction  measurements  can  be 
made  through  those  particles:  The  physical  nature  of  the 
particles  in  the  concentrate  must  remain  unchanged  from  its 
ambient  state.  Thus  the  device  cannot  expose  the  particles  to 
significant  temperature  or  pressure  changes,  since  otherwise 
changes  in  the  particles'  relative  size  distribution  would 
occur,  and  the  concentrator  must  have  small  losses  for 
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particles  whose  sizes  are  important  optically.  Aerosol  con- 
centration is  not  a new  idea,  see  for  example  Schutte  (1966), 
Alt  and  Schmidt  (1969),  Budinsky  (1970),  and  a description  of 
cyclones  by  Green  and  Lane  (1964).  However,  those  instru- 
ments, which  all  concentrate  particles  by  centrifugal  means, 
are  used  primarily  for  pollution  control  or  particle  sam- 
pling and  do  not  meet  the  requirement  for  an  optically  con- 
sistent concentrate. 

The  schematic  of  the  new  centrifugal  aerosol 
concentrator  designed  specifically  to  preserve  the  physical 
nature  of  the  suspended  particles  is  shown  in  Fig.  1. 


FIGURE  1. 


SCHEMATIC  OF  AEROSOL  CONCENTRATOR . 
(explanation  in  text) 


Ambient  aerosol  flows  at  Vj  (liters/min)  into  the  inlet 
manifold  5 and  along  a concentric  annulus  formed  by  a solid 
outer  cylinder  1 at  rest  and  a porous  inner  cylinder  2 rot- 
ating at  high  speed.  Suction  (V3)  applied  to  the  hollow 
shaft  4 causes  the  dispersion  medium  to  pass  through  the 
porous  cylinder  and  into  the  shaft.  Since  the  radial  velocity 
of  the  aerosol  particles  is  comparable  to  that  of  the  inner 
cylinder  near  its  surface,  the  particles  move  radially  out- 
ward due  to  the  centrifugal  force  in  addition  to  their  motion 
along  the  annulus.  The  particles  reach  their  highest  concen- 
tration at  the  end  of  the  annulus  near  the  outlet  manifold  3 
where  they  are  drawn  off  at  Vo  which  is  typically  set  equal 
to  0.02  V|.  With  no  particle  losses  in  the  annulus  the  con- 
centration increase  of  the  aerosol  particles  is  simply  V3/V2. 


The  inner  cylinder  consists  of  seamless  sintered 
stainless  steel  which  has  uniform  porosity  and  a tensile 
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strength  which  is  sufficient  to  withstand  the  centrifugal 
force  of  25,000  rpm  (L=30cm,  R^=4.4cm).  Pores  cover  1/5  of 
the  cylinder's  surface  and  average  25  gm  in  diameter. 

Particles  smaller  than  a given  size  D are  lost 
into  the  filter.  This  cutoff  size  is  found  by  equating  the 
Stokes'  sedimentation  velocity  of  the  particles  in  the  cen- 
trifugal field  to  the  mean  suction  velocity  into  the  filter: 


9 1 2^  r 

D j 1 + fr  j A + Bexp 


9n(VrV2) 
TT  n CC  R | L 


(1) 


where  9 Ls  the  mean  free  path  and  t.  is  the  viscosity  of  the 
air,  A,  B,  and  ('  are  slip  corrections  usually  assigned  the 
values  1.246,  0.42,  and  0.87  respectively,  ^ is  the  partic- 
les' density,  mil  x is  the  angular  velocity  of  the  rotor. 
Figure  2 givt^  D as  a function  of  V| , Va  , and  rotor  rpm 
under  th<  t t at  v>  = 0.02  \'j  and  - =1.0  gm/cnH . 

SAMPLE  FLOW  RATE,  liter  mm. 


CONCENTRATE  FLOW  Ft  ATE  liter  mm 

FIGURE  2.  MINIMUM  PARTICLE  SIZE  C0NCENTRA1  i>  FOR  RPM  \N 
FLOInJS  OF  CONCENTRATOR.  See  Eq . (1). 
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The  particles  passing  through  the  annulus  are  iso- 
lated from  the  large  pressure  drop  existing  across  the  fil- 
ter, they  only  experience  a pressure  drop  of  a few  hundreds 
psi  between  inlet  and  outlet  manifolds.  The  effects  of  aero- 
dynamic heating  are  minimized,  since  in  the  region  of  great- 
est shear  near  the  filter  surface  the  slightly  warmed  air 
is  removed  by  suction  into  the  filter. 

A cell.  Fig.  3,  was  constructed  to  measure  the 
attenuation  of  laser  radiation  passed  through  the  output  of 
the  concentrator.  It  consists  of  a slab-like  vertical  chamber 
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FIGURE  3.  SCHEMATIC  OF  AEROSOL  TRANSMISSION' 
CELL.  Head-on  view  shows  saddle  conditioning 
chambers  which  are  flushed  with  ambient  air 
when  cell  is  located  indoors.  Dimensions  are 
in  cm. 


200cm  x 20cm  x 3cm  with  mirrors  at  each  end  which  step  the 
laser  beam  through  the  chamber  to  give  a 20  m path  length. 
Baffles  placed  along  the  inner  wall  minimize  wall  reflections 
and  clean  air  flushes  the  lower  mirror  to  prevent  particle 
deposition.  Aerosol  from  the  concentrator  are  passed  con- 
tinuously through  the  chamber  which  fills  to  the  equilibrium 
concentration  according  to 
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1 - exp 


(2) 
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where  C(t)  is  the  particle  concentration  in  the  cell  as  a 
function  of  time  t,  C is  their  concentration  in  the  concen- 
trator output,  and  V is  the  cell  volume. 

Given  a concentration  enhancement  of  50,  the  trans- 
mission path  in  the  cell  simulates  an  atmospheric  baseline 
of  1 km  Much  greater  baselines  could  be  obtained  with  a 
more  sophisticated  cell.  Attenuation  in  the  present  cell  can 
be  measured  for  optical  thicknesses  greater  than  0.1,  and 
Zuev  et  al . (1967)  showed  that  the  Bouguer  law  describes  the 
attenuation  for  thicknesses  up  to  25  for  a similar  transmis- 
someter . 

3.  EXPERIMENTAL  RESULTS  - The  proper  simulation  of  the  1 km 
atmospheric  transmission  path  in  the  cell  requires  that  the 
aerosol  particles  which  significantly  affect  attenuation 
pass  through  the  concentrator  without  losses.  Figure  4 shows 
the  results  of  measurements  made  to  test  that  requirement  for 


FIGURE  4.  CONCENTRATION  ENHANCEMENT  AS  A FUNCTION 
OF  PARTICLE  SIZE. 


a rpm  of  8000.  Atmospheric  particles  were  used  in  all  the 
tests  except  for  one  where  1.090  latex  particles  were  used. 
The  concentration  was  measured  with  a Royco  particle  counter 
in  the  flow  entering  5 and  leaving  3,  membrane  filters  were 
used  to  collect  the  latex  particles.  The  concentration  factor 
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was  expected  to  be  50  with  flow  rates  of  = 200  liters/min 
and  V9  = 4 liters/min. 

In  Fig.  4 the  cutoff  in  the  concentration  factor 
for  small  particles  for  the  case  1 R = R9  - R^  = 0.6  cm  is  in 
the  position  predicted  by  Eq . (1).  The  decrease  for  large 
particles  is  at  a smaller  particle  size  than  expected.  This 
cutoff  is  a result  of  inertial  impaction  losses  on  the  outer 
cylinder  due  to  turbulence  in  the  annulus  as  verified  by 
hot-wire  anemometry.  The  turbulence,  found  at  all  rpm  values 
even  though  the  uniform  suction  on  the  porous  cylinder  should 
have  stabilized  the  flow  much  above  the  rpm  corresponding  to 
the  critical  Taylor's  number  for  no  suction  (see  Schlichting, 
1968),  was  probably  due  to  the  surface  of  the  cylinder  ro- 
tating slightly  off-axis  at  one  end. 

The  inner  cylinder  was  placed  in  a larger  container 
with  an  effective  R of  2.4  cm  and  was  again  tested  at  8000 
rpm.  The  decrease  of  losses  for  larger  particles  shows  that 
fewer  impacted  on  the  walls,  and  the  shift  of  the  lower  cut- 
off to  larger  particle  sizes  suggests  that  the  boundary  layer 
moving  with  the  cylinder  was  much  thinner  than  in  the  pre- 
vious case.  The  loss  at  the  lower  cutoff  was  now  more  con- 
sistent with  the  suction  rate  into  individual  pores  than 
with  the  mean  suction  rate.  The  theoretical  curve,  from 
Davies  (1966)  for  "stirred  settling"  losses  in  a chamber  of 
size  R,  and  L,  gives  the  upper  limit  of  the  concentration 
factor  for  R = 2.4  cm  and  V9  = 0.02  . 

The  transmission  of  0.6328  gm  laser  radiation 
through  the  cell  is  shown  in  Fig.  5 as  the  cell  is  filled 
with  concentrated  ambient  aei'osol  and  then  is  flushed  with 
ambient  aerosol  (AR  =2.4  cm,  8000  rpm).  This  particular 
case  is  given,  since  it  shows  the  system's  performance  near 
its  lower  sensitivity  limit.  The  estimated  curve  was  cal- 
culated from  the  attenuation  coefficient  y obtained  from  the 
estimated  40  km  visual  range.  The  cell  was  flushed  soon  after 
the  transmission  value  stabilized,  to  demonstrate  the  ease 
with  which  a 1007  transmission  calibration  can  be  performed. 

Figure  6 shows  the  transmission  through  an  oil 
aerosol  for  which  or  was  measured  in  the  laboratory.  The 
dashed  curve  was  calculated  from  this  a and  from  the  con- 
centration of  oil  aerosol  in  the  cell,  and  the  curves  for 
other  values  of  X were  calculated  using  the  size  distribu- 
tion of  the  oil  droplets  and  their  scattering  efficiency 
factors  for  the  refractive  index  of  1.50.  Those  calculations 
suggest  a measurable  extinction  at  those  wavelengths . 
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FIGURE  5.  TRANSMISSION  THROUGH  CONCENTRATED 
ATMOSPHERIC  AEROSOL.  The  simulated  transmis- 
sion path  in  the  cell  is  1 km  long. 

In  both  preceding  examples  the  transmission  cell 
gave  about  1/2  the  attenuation  at  0.6J28  pm  which  was  ex- 
pected for  the  concentration  factor  of  50.  This  occurred, 
since  the  particle  size  distributions  in  both  cases  exceeded 
the  particle  size  bandpass  shown  in  Fig.  4. 

4.  CONCLUDING  REMARKS  - The  concentrator  in  its  present  con- 
figuration gives  a 50-fold  increase  in  the  ambient  particle 
concentration  over  a particle-size  bandpass  of  about  one 
decade.  This  capability  greatly  relaxes  the  requirements  for 
measurements  in  aerosol  extinction  cells.  For  instance,  it 
is  possible  to  use  a cell  with  simple  optics,  non-critical 
alignment,  and  with  a small  size  that  makes  a portable  sys- 
tem a possibility.  Also,  the  small  size  permits  the  vertical 
operation  of  the  cell  which  is  essential  when  determining 
the  interaction  of  aerosols  with  infrared  radiation.  Hori- 
zontal cells  would  show  large  sedimentation  losses  for  the 
larger  particles  which  are  important  in  the  infrared. 

The  concentrator  and  the  cell  give  essentially 
a point  measurement  in  space  of  the  aerosol  extinction.  The 
system's  time  response  depends  on  the  size  of  the  coll  and 


- 


I INC LASS  1 1 I ED 


UNCLASSIFIED 


0 1 2345678 

TIME,  min. 

FIGURE  6.  TRANSMISSION  THROUGH  CONCENTRATED 
OIL  AEROSOL  FROM  A SMOKE-SCREEN  GENERATOR . 

Dashed  curve  and  curves  labeled  3.8  gm  and 
10.6  jim  were  calculated,  see  text. 

concentrator  and  on  the  amount  of  concentration  enhancement. 
The  present  configuration  responds  to  rapid  aerosol  changes 
in  the  environment  in  less  than  a minute  for  an  enhancement 
of  x 50.  The  system  is  referenced  to  the  100'  transmission 
calibration  point  by  flushing  with  filtered  air. 

Measurements  of  the  light  scattered  by  the  aerosol 
in  the  cell  have  not  been  made  but  are  planned  for  the  future. 
The  configuration  of  the  folded  laser  beam  in  the  cell  is 
ideal  for  scattering  measurements  using  a 2n  sensor  as  is 
done  in  nephelometers . Judging  from  estimates  of  the  aerosol 
absorption  coefficient  (e.g.,  McClatchey  et  al . , 1972;  Wag- 
goner and  Charlson,  1976),  the  enhanced  particle  concentra- 
tion in  the  cell  should  give  enough  of  a difference  between 
the  scattered  and  transmitted  light  so  that  measurable  values 
of  the  aerosol  absorption  coefficient  are  obtained  under  many 
atmospheric  conditions  for  laser  wavelengths  extending  into 
the  infrared. 
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The  present  emphasis  is  on  optimizing  the  perfor- 
mance of  the  concentrator.  In  this  regard  a new  sintered 
metal  rotor  with  increased  coverage  of  smaller  pores  and 
improved  rotor  concentricity  promises  to  significantly  in- 
crease the  particle  size  range  for  which  particles  are  con- 
centrated with  only  small  losses. 
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THE  ADVANCED  OPTICAL  TEST  FACILITY 


James  L.  Spencer,  lLt 
Rome  Air  Development  Center 
Griffiss  AFB,  New  York  13441 


Abstract 

The  Environmental  Studies  Section  of  Rome  Air  Development  Center  has 
been  enraged  in  atmospheric  propagation  research  for  several  years.  Research 
efforts  have  included  contractual  work  and  in-house  studies.  The  evolution 
of  the  Advanced  Optical  Test  Facility  into  a fully  instrumented  optical 
propagation  range  for  in-house  experiments  has  been  accompanied  by  significant 
contributions  in  atmospheric  turbulence  studies  and  instrument  development. 
Micrometeorological  studies  which  began  only  as  support  to  optical  propagation 
experiments  have  yielded  important  microtemperature  turbulence  data  as  well 
as  better  instruments  to  measure  turbulence. 

Introduction 


The  need  to  quantitatively  describe  the  atmosphere  is  common  to  several 
scientific  disciplines.  Experimenters  in  optical  propagation,  whether  they 
are  interested  in  processing  optical  signals  received  from  outside  the  earth's 
atmosphere  or  interested  in  establishing  an  optical  data  link  between  ground 
based  terminals,  are  necessarily  concerned  about  atmospheric  effects.  The 
Environmental  Studies  Section  of  Rome  Air  Development  Center  (RADC)  has  been 
engaged  in  atmospheric  propagation  research  for  several  years,  and  they  found 
the  need  to  quantitatively  characterize  the  atmosphere  to  be  critical.  In 
particular,  much  of  their  work  required  knowledge  about  phase  distortion,  which 
is  predominantly  caused  by  temperature  turbulence  (at  least  over  land).  As  a 
result  of  these  needs,  RADC  has  developed  the  Advanced  Optical  Test  Facility 
(AOTF)  into  a laboratory  especially  instrumented  to  measure  temperature  turbu- 
lence and  important  optical  propagation  parameters. 

Many  individuals  have  developed  theoretical  models  of  atmospheric  temper- 
ature turbulence  and  relationships  among  different  propanat ion  parameter'  . ’• 
is  critical  that  these  theories  be  tested  because  they  can  have  serious  impli- 
cations for  programs  in  the  Department  of  Defense  and  other  agencies.  It 
recognition  of  this,  the  AOTF  has  the  following  objectives:  to  test  the  validity 
of  analytical  models  which  describe  temperature  turbulence  and  optical  ; > :u 
tion  parameters;  to  test  the  relationships  between  these  quantities.  a>  i • 
provide  improved  models  where  required. 

The  approach  to  these  objectives  has  been  to  equi;  the  AOTF  w'"  . Vr 
"state-of-the-art"  sensors  which  measure  the  pertinent  paramete*  Tl * I 

has  several  instruments  which  mcnitor  temperature  turbulence  a-  1 
measurements  of  the  temperature  structure  constant,  C*  Other  > * 

been  developed  for  measuring  optical  parameters  such  as  angle  of  an  >•’. 
intensity  fluctuations,  and  the  modulation  transfer  function  (MTF  :•  • ■ - . 

the  AOTF  has  an  operational  breadboard  model  of  a predetectin  . • > 

system  for  telescopes. 
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Facility  Description 

The  Advanced  Optical  Test  Facility  is  located  near  Verona,  New  York, 
in  the  center  of  the  Mohawk  Valley.  The  terrain  is  essentially  flat,  with 
prevailing  winds  from  the  northwest.  Figure  1 shows  the  physical  layout 
of  the  range.  The  terrain  is  predominantly  grass  0.1m  to  1.5m  tall  (this 
is  mowed  annually  to  maintain  a roughly  uniform  height).  One  laser  shed 
is  305m  northeast  of  the  laboratory,  and  four  other  laser  stations  are  to 
the  southeast  between  610m  and  1525m  (at  305m  increments).  The  southeast 
range  is  instrumented  with  3m  towers  also  at  305m  increments  (the  towers 
are  now  being  replaced  by  18m  "tilt  over-crank  up  towers).  The  towers  have 
wind  speed  and  wind  direction  sensors,  and  they  can  each  handle  up  to  three 
microtemperature  probes  for  monitoring  turbulence.  A high  quality  dew  pcint- 
arnbient  temperature  system  is  at  each  end  of  the  southeast  range. 

The  laboratory  building  itself  is  three  stories  tall  with  an  observatory 
dome  on  top.  Inside  the  buildin",  but  independent  of  its  structure,  is  a 
three  story,  ultra  stable,  hollow  concrete  pier  with  walls  60-100cm  thick. 

The  floor  of  the  pier  provides  an  excellent  base  for  the  facility's  one  meter 
diameter,  f / IS,  casseqrain  telescope,  which  receives  its  incoming  light  by 
means  of  a precision,  one  meter  diameter  optical  beam  director  mounted  on  top 
of  the  pier.  This  configuration  is  important  because  the  instruments  used  in 
conjunction  with  the  telescope  are  experimental  and  often  beinq  modified. 
Instruments  are  quickly  interchanged  without  affectinq  telescope  performance. 
The  only  restriction  on  the  instrument  size  is  the  working  area  inside  the 
pier  (the  walls  are  about  7m  apart  at  the  pier's  base). 

Optical  instrumentation  includes  the  Optical  Measurement  System  (OMS)  and 
the  Real  Time  Atmospheric  Correction  System  (RTAC).  The  OMS  can  make  measure- 
ments at  both  visible  and  infrared  wavelengths.  The  instrument  provides  the 
following  optical  propagation  parameters:  phase  differences,  angle  of  arrival, 

differential  angle  of  arrival,  modulation  transfer  function,  and  intensity 
fluctuations.  The  RTAC  system  is  a feasibility  lodel  of  a predetectior  compen- 
sation system.  Its  active  element  is  a piezoelectric  mirror  which  has  21  ele- 
ments. It  is  used  to  measure  optical  propagation  parameters  which  directly 
affect  the  Advanced  Research  Projects  Agency  (ARPA)  Compensated  Iraqi' a Prugram. 

The  A0TF  has  several  instruments  for  measuring  temperature  turbulence. 

The  microtempera ture  probe  (a  cold  wire  device)  directly  measures  fluctuations 
in  temperature,  from  which  the  temperature  structure  constant,  Cj,  can  be 
easily  calculated.1  The  acoustic  sounder  indirectly  measures  turbulence  in  a 
vertical  profile  from  30m  to  300:  above  ground  level,  Direct  output  includes 
a facsimile  trace  and  analog  voltages  (which  can  be  processed  to  obtain  Cw. 
values). 

The  microtemperature  probe  is  an  especially  versatile  sensor,  now  used 
routinely  in  support  of  all  optical  propagation  experiments,  ’he  sensor  i 
essentially  a Wheatstone  bridge  which  uses  a thin  diameter  platinui  wire 
(2.5  um)  as  one  leg  of  the  circuit.  Temperature  fluctuations  change  the 
resistance  of  this  wire,  and  the  resulting  voltage  1 it  < ri  fied.  Th< 

overall  sensor  response  has  changed  since  the  original  design,* such  that  nuni- 
nal  values  are  now  0.5v/lVK  with  resolution  of  0.02  K.  The  probe's  frequency 
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range  is  better  than  0.01  to  100  Hz.  From  two  probes  placed  a distance 
r apart,  the  temperature  structure  function  and  constant  are  easily  cal- 
culated from  the  following  relationships: 


DT(r)  =<(T,-T2)2> 

= CT2-  r^3 
and 

Cy2  = [a2  + o2  - 2C12+  (p1-u2)2]r‘2^  (2) 

where  and  L0  are  the  inner  and  outer  scales  for  the  microtemperature 
inertial  subrange;  of  is  the  temperature  variance  measured  by  a probe; 
C-jj  is  the  temperature  covariance  between  the  two  probes;  and  yj  =<  T i > . 
As  lonq  as  the  probes  are  at  the  same  height,  the  means  will  be  the  same 
(for  adequate  sampling  times),  so  that  equation  (2)  becomes 


(1) 

« r « L 

o o 


A minicomputer  provides  the  variances  and  covariances. 

Another  common  requirement  for  probe  measurements  is  to  provide  temper- 
ature temporal  power  spectra,  from  which  the  Kolmoqorov  behavior  of  the 
turbulence  can  be  determined.  Very  accurate  results  are  obtained  with 
special  computer  processing,  but  quicker  results  can  be  obtained  by  using 
tiie  probe  in  conjunction  with  a commercial ly-avai 1 abl e spectrum  analyzer. 
Figure  2 shows  the  power  spectrum  for  a probe  under  normal  operation  on 
a sunny  afternoon,  compared  to  tne  noise  spectra  for  a capped  sensor  and 
a sensor  with  its  wire  element  submerged  in  oil.1 

Another  version  of  the  probe  uses  a "fat'  platinum  wire  (12.7..U  diameter) 
strung  in  a spiral  on  insulative  posts.  It  has  the  distinct  advantage  of 
being  able  to  withstand  higher  winds,  light  rain,  and  moderate  snow  showers. 
Because  this  version's  frequency  response  is  altered,  as  shown  in  Figure  3 . 
it  cannot  be  used  to  obtain  temporal  power  spectra.  Compensating  for  this 
different  frequency  response  leads  to  a modified  equation  for  (>.  The  correct 
value  for  C|  from  two  fat-wire  probes  is  now  found  from 

C2  = 1.2  (v/r)0-182  (C2)'  (4) 

where  v is  the  wind  velocity,  r is  the  separation  between  the  probes,  and 
(Cy)"  is  the  uncorrected  value  obtained  from  equation  (3). 

In  contrast  to  microtemperature  probes,  the  acoustic  sounder  makes 
indirect  measurements  of  thermal  turbulence.  The  instrument,  by  means  of  a 
facsimile  trace,  displays  in  real  time  the  structure  of  turbulence  with 
respect  to  strength  and  height  (temperature  inversions  and  convective  plumes 
are  clearly  seen).  A detailed  description  of  the  sounder's  operation  is  well 
documented,1"'  but  the  instrument  can  be  described  in  simple  terms  as  an 
acoustic  backscatter  radar.  A pulse  of  sound,  emitted  vertically  into  the 
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air,  is  reflected  by  temperature  gradients.  The  time  of  the  return  pulse 
is  easily  related  to  height,  while  the  strength  of  the  return  is  directly 
proportional  to  the  strength  of  turbulence.  These  measurements  provide 
knowledge  about  turbulence  at  heights  which  are  difficult  to  sample  - heights 
above  most  instrument  towers  and  below  the  operation  of  airborne  instruments. 
Sounder  data  can  be  used  to  supplement  other  experiments6  or  independently. 

The  importance  of  sounder  data  will  continue  to  increase  as  the  software 
for  data  reduction  on  minicomputers  becomes  available,  allowing  immediate 
quatitative  results.  Such  programs  will  probably  be  based  on  published 
works  which  explain  the  quantitative  evaluation  of  acoustic  echoes. e’‘) 

The  data  processing  capabilities  of  the  AOTF  consist  of  two  Optical 
Data  Processors  (ODP),  a PDP-8  computer,  a data  logger,  and  a NOVA  800 
computer.  The  OOP's  reduce  data  from  optical  experiments,  with  one  ODP 
designed  for  visible  wavelengths  and  the  other  dedicated  to  infrared  wave- 
lengths. They  provide  measurements  of  various  optical  propagation  parameters. 
The  PDP-8  is  used  extensively,  but  especially  for  measuring  means,  variances, 
and  covariances.  Its  capabilities  are  enhanced  by  an  analog-to-digital  con- 
verter, a magnetic  tape  drive,  and  connections  to  two  multi-channel  analog 
tape  recorders.  The  data  loqger  is  an  analog-to-digital  tape  recording 
system.  It  has  three  selectable  sampling  rates,  and  it  can  handle  up  to 
30  channels  of  data.  The  NOVA  800  computer  including  its  tape  drive,  line 
printer,  card  reader,  and  teletype  peripherals,  is  used  primarily  for 
driving  the  optical  mount.  It  will  be  used  in  the  future  for  both  off-line 
and  on-line  data  processing. 

Previous  Experiments 

Much  more  work  has  taken  place  at  the  AOTF  than  can  be  presented  in 
this  short  paper,  but  two  important  previous  experiments  are  turbulence 
modeling  and  structurally  - induced  turbulence  studies.  The  turbulence 
modeling  examined  how  actual  data  differed  from  theory.  The  studies  of 
structurally  - induced  turbulence  investigated  the  turbulence  occurring  with- 
in the  pier  and  dome  areas  of  the  AOTF. 

The  turbulence  modeling  work  was  done  under  the  direction  of  Dr.  Darryl  P. 
Greenwood  (now  at  Lincoln  Laboratory).  Since  nearly  all  of  propagation  theory 
is  based  on  an  assumed  refractive  index  spatial  spectrum,  it  is  vital  that 
the  theoretical  spectrum  be  checked  against  actual  data  and  be  correct,  or 
else  theories  would  require  modification.  Early  work  at  the  AOTF  had  demon- 
strated that  more  power  existed  in  the  lower  temporal  frequencies  than  pre- 
dicted by  theory.10  The  available  data  suggested  that  the  discrepancy  resulted 
from  the  von  Karman  spatial  spectrum,  which  dominates  the  theoretical  refrac- 
tive index  spectrum,  or  from  the  frozen-flow  hypothesis.  These  two  factors 
were  carefully  investigated  in  a series  of  experiments  at  the  AOTF  and  the 
laser  test  range  of  Air  Force  Weapons  Laboratory,  Kirtland  AFB,  New  Mexico. i; 

The  validity  of  von  Karman's  spectrum  was  checked  against  the  temperature 
structure  function,  since  that  relation  does  not  depend  on  the  frozen-flow 
hypothesis.  Von  Karman's  spectrum, 

rfT(ic)  = 0.0330  CT‘  [k*  +(1/L,  )?  ] ""4  (5) 
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when  substituted  into  the  structure  function,  D,(r),  leads  to  the  following 
1 imi ts: 


0T(r  « L0)  « CT2-r2^ 

0t(L  « r)  = 1.0463  CT2-L  ^3 


(6a) 

(6b) 


Empiral  modeling  led  Greenwood  to  propose  a new  form  for  the  temperature 
spectrum, 


*T( < ) = 0.0330  Ct2[c2  + (k/L0)-]  '"4  (7) 


Using  this  spectrum,  the  structure  function  limits  now  become 


Dy(r  « L ) = C-jr-r2^  (8a) 

DT(L0<--r)  = 1 .1078  CT2-L  v?  (8b) 

This  model  leads  to  much  better  agreement  with  actual  data,  as  evident  in 
Figure  4a.  The  agreement  of  the  theoretical  temporal  power ‘spectrum  with 
!uta  is  also  improved  by  Greenwood's  proposal.  This  is  shown  in  Figure  4b. 
The  remaining  discrepancies  between  data  and  theoretical  low-frequency  values 
are  attributed  to  weaknesses  in  the  frozen-flow  hypothesis. 


Turbulence  generated  by  buildings  can  be  a phantom  problem  for  many 
observatories,  especially  in  winter  at  heated  or  semi-heated  facilities. 

This  structural ly-induced  thermal  turbulence  has  been  studied  at  the  AOTF, 
where  it  has  been  observed  in  the  pier  and  dome  areas. 11  In  the  Phase  I 
experiments  the  macrothermal  characteristics  of  the  building  were  determined 
for  changing  internal  and  external  conditions.  Phase  II  experiments  were 
designed  to  precisely  characterize  the  location  and  severity  of  the  turbulence. 
Finally,  Phase  III  experiments  evaluated  different  attempts  to  mininize  t he 
turbulence.  Ihe  experiments  were  extremely  valuable  in  identifying  area- 
of  turbulence  and  gaining  an  understanding  of  turbulence  causes.  Some  cor- 
rective fixes  were  implemented,  and  more  will  be  tried  after  additional 
studies  this  winter.  Any  facility  can  make  similar  measurements  with  mini- 
mum instrumenta t ion  - only  thermometers,  thermographs,  and  microtemperature 
probes  (for  C^'  values)  are  needed. 

Cur rent  Fxper i men t s 

The  most  important  experiment  currently  in  progress  at  the  AOTF  is  a 
lony-term  study  of  microtemperature  turbulence  near  the  ground.  Turbulence 
(C,- ) has  been  measured  continuously  under  all  conditions  of  weather.  Complete 
data  is  available  for  the  January  - May  1976  time  period.  A detailed  analysis 
of  available  data  is  now  in  progress. 


The  instruments  used  in  the  experiment  are  wind  speed,  wind  direction, 
and  three  micro-temperature  sensors  on  a tower  150m  south  of  the  building, 

(los  an  ambient  temperature  system  25m  south  of  the  building.  The  temperature 
system  is  1.5m  above  ground  level;  the  wind  sensors  are  2.5m  high,  the  mien  - 
temperature  probes  are  3m  hioh.  Microtemperature  probes  are  checked  at  least 
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once  a day  (except  weekends)  for  proper  operation.  The  six  raw  signals  are 
continuously  recorded  by  the  data  logger,  stopped  only  when  all  three  probes 
require  replacements.  The  data  channels  are  sequentially  sampled  at  a 
nominal  rate  of  one  cycle  (six  channels)  per  second.  The  magnetic  tape  holds 
over  a week  of  data,  which  is  then  processed  on  RADC's  Honeywell  6130  com- 
puter. The  data  on  the  tapes  are  reduced  to  30  minute  averages  for  wind 
speed  and  direction,  temperature,  and  the  "best"  value  of  Cy‘  (or  Cj, : , the 
refractive  index  structure  constant)  from  the  three  probe  pairings.  The 
averages  are  later  combined  in  various  ways  for  monthly  figures. 

The  results  at  this  time  suggest  that  turbulence  does  behave  in  a 
characteristic  diurnal  cycle.  Three  types  of  behavior  have  been  observed, 
which  are  somewhat  related  to  cloud  cover,  as  expected.  Type  I turbulence, 
as  defined  here,  exhibits  a "clean"  diurnal  cycle  (or  profile)  with  peak 
values  at  mid-day  and  a definite  dip  around  sunset.  Following  this  dip,  the 
turbulence  quickly  reqains  much  of  its  strength,  but  subsequently  decreases 
during  the  night.  This  type  of  profile  is  generally  associated  with  sunny 
days  or  only  a light  overcast.  Type  II  turbulence  is  similar  except  that 
more  bumps  and  glitches  are  present.  The  peaks  and  dips  are  not  as  prominent, 
either.  The  weather  conditions  are  usually  cloudy  or  overcast.  The  Type  III 
turbulence  profiles  have  little  regular  shape  - the  characteristic  peaks 
and  dips  are  often  indiscernible.  This  behavior  is  consistently  associated 
with  heavy  cloud  cover  or  rapidly  changing  weather  conditions.  Figure  5 
shows  Type  I profiles  for  the  months  of  February  and  Kay  1975.  The  inter- 
esting features  include  nearly  identical  values  for  mid-day  peaks  and  for 
sunset  dips. 

Future  Work 


Besides  the  possible  continuation  of  the  long-term  turbulence  study, 
future  experiments  at  the  AOTF  will  be  centered  around  two  instruments  - the 
RTAC  system  and  the  Stellar  Prof i lometer.  The  RTAC  system,  briefly  described 
earlier,  will  be  used  to  study  the  improvement  it  makes  in  various  optical 
propagation  parameters  (including  the  Strehl  ratio,  the  point  spread  function, 
and  the  modulation  transfer  function)  over  reference  values  from  an  "uncor- 
rected" beam.  The  Stellar  Profilometer  is  an  improved  version  of  an  instru- 
ment already  in  operation  at  the  ARPA  Maui  Optical  Station.12  The  instrument 
uses  a spatial  filtering  technique  in  conjunction  with  a stellar  image  to 
determine  a profile  of  the  temperature  turbulence  (CN2)  for  altitudes  of 
1 . 0 to  25km. 

Although  some  of  the  planned  work  is  quite  ambitious,  it  is  within  the 
facility's  capabilities.  The  AOTF  can  be  expected  to  continue  contributing 
ir  the  area  of  optical  propagation. 
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MARITIME  ATMOSPHERIC  CHARACTERIZATION  AT 
THE  SAN  NICOLAS  ISLAND  FACILITY 

Lowe  11  V-J  i lkins- 

Alexis  Shlanta 
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ABSTRACT 


A maritime  atmospheric  observation  station  will  be 
established  at  San  Nicolas  Island  off  the  coast  of  Southern 
California.  The  purpose  of  the  station  is  to  collect 
atmospheric  transmission  data  in  selected  spectral  bands 
together  with  supporting  meteorological  data.  The  data  will 
be  analyzed  to  assess  the  utility  of  electro-optical  in- 
strumentation in  a maritime  environment.  Specific  objectives 
of  the  program  include  (1)  statistically  describing  the 
atmospheric  conditions  on  a day-to-day  basis  over  a long 
period  of  time  and  (2)  relating  the  atmospheric  transmission 
to  measurable  meteorological  parameters.  During  several 
scheduled  periods  of  concentrated  measurements,  vertical 
profiling  of  selected  meteorological  parameters  will  be 
accompl ished . 


■I  • > 


INTRODUCTION 


Although  the  U.S.  Navy  has  a recognized  need  for  ef- 
fective utilization  of  electro-optical  (EO)  weaponry  in  the 
maritime  environment,  major  questions  remain  unanswered 
concerning  EO  system  deployment.  The  availability  of  EO 
sensors  (i.e.,  the  percentage  of  time  they  are  able  to 
perform  designated  tasks) , operating  in  selected  spectral 
bands,  is  unknown  for  any  oceanic  location.  Predictive 
computer  codes,  to  estimate  atmospheric  effects  on  the 
propagation  of  optical  energy,  based  on  easily  measurable 
meteorological  quantitites,  are  unproven  in  a maritime 
environment.  In  order  to  address  these,  and  similar 
questions,  the  Navy  will  establish  an  atmospheric  obser- 
vation station  on  San  Nicolas  Island  (SNI) , off  the  coast  of 
Southern  California. 

Under  sponsorship  of  the  Optical  Signatures  Program 
(OSP)  the  measurements  will  employ  personnel  from  several 
Navy  laboratories.  Assistance  in  the  initial  set  up  will  be 
provided  by  the  Night  Vision  Laboratory  (NVL) . 

The  atmospheric  transmission  measurements  are  expected 
to  commence  in  March,  1977.  Participation  in  and  sponsor- 
ship by  OSP  is  scheduled  through  October,  1978. 
Meteorological  measurements,  in  support  of  the  transmission 
observations,  will  be  recorded  at  selected  land  locations  as 
well  as  on  board  a jack-up  barge,  permanently  anchored  off 
shore.  The  required  personnel  for  manning  the  SNI  station 
will  be  provided  by  Pacific  Missile  Test  Center  (PMTC) , 
whereas  the  meteorological  instrumentation  on  board  the 
jack-up  barge  will  be  operated  by  Naval  Research  Laboratory 
(NRL)  atmospheric  physicists. 


SAN  NICOLAS  ISLAND  FACILITIES 

The  selection  of  the  SNI  location  was  made  after  a 
detailed  study  of  several  candidate  sites  on  the  East  and 
West  Coasts.  The  primary  disadvantage  of  East  Coast  sites 
was  the  predominance  of  off-shore  winds  which  impose  con- 
tinental aerosol  conditions  upon  the  measurement  scene. 

The  SNI  is  characterized  by  a double-bay  geographical 
shape  at  the  northwest  end.  The  bays  provide  natural  over- 
the-water  paths  of  2.5  and  4.0  kilometers  (Figure  1). 
Prevailing  winds  at  the  island  are  from  the  northwest  (ap- 
proximately 315  degrees  true),  providing  extremely  long 
fetches  the  great  majority  of  the  Lime.  The  atmospheric 
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conditions  are,  therefore,  highly  indicative  of  an  open-sea 
environment.  The  shortest  distance  to  the  mainland  is 
approximately  100  kilometers,  down  wind. 

The  island  is  part  of  this  country's  National  Test  Range 
complex.  It  is  Navy  owned,  controlled,  and  operated.  The 
island  is  the  hub  of  much  test  and  evaluation  (T&E)  activity 
carried  out  by  PMTC . Tight  security  conditions  prevail. 

Daily  commercial  airline  travel  to  and  from  the  island 
is  available.  Dining  and  berthing  facilities  exist  to  ac- 
commodate large  numbers  of  visitors  in  addition  to  the 
permanently  assigned  PMTC  work  crews.  It  is  not  expected 
that  additional  housing  will  be  required  to  support  the 
transmissometer  experiment. 

SPECIFIC  TASKS 

During  the  IF  years  of  data  acquisition,  a relatively 
long-term  data  base  will  be  established.  Analysis  of  the 
data  will  be  performed  to  answer  specific  questions  regarding 
deployment  of  EO  equipment  on  Naval  ships/boats  and  sea- 
deployed  aircraft.  Analytical  topics  include  the  following: 

(1)  Statistical  evaluation  of  atmospheric  transmission 
in  selected  spectral  bands; 

(2)  Relationship  of  transmission  to  easily  measurable 
meteorological  parameters ; 

(3)  Relative  effects  of  aerosol  and  molecular  atten- 
uation ; 

(4)  Vertical  profile  of  atmospheric  attenuators;  >nd 

(5)  Degraded -weat her  effects. 

The  above  tasks  address  the  questions  "How  much?"  and 
"How  often?".  They  implicitly  recognize  that  generalized 
weather  descriptions  are  not  adequate  for  U.S.  Navy's  needs 


MEASUREMENT  1 NSTRUMENTAT I ON 

A Model  14-712  Barnes  Atmospheric  Transmissometer  System 
will  be  utilized  to  conduct  .atmospheric  transmission  measure- 
ments in  selected  spectral  bands  throughout  the  visible  and 
infrared  regions.  The  14-712  system  consists  ot  two  complete 
visible/infra: ed  radiation  source  assemblies,  which  sorvt  as 
transmitters,  and  three  complete  receiver  assemblies,  each 
of  which  has  a different  spectral  sensitivity. 

The  radiation  sources  consist  of  one  3000°  K special 
tungsten  filament  source  of  visible  radiation,  and  one 
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1200°  K black-body  source  of  infrared  radiation.  The 
radiation  from  both  sources  is,  by  means  of  a special 
beamsplitter,  combined  and  transmitted  through  a common 
collimator.  The  radiation  is  full- field  chopped  with  a 39- 
blade  reticle  to  reduce  background  effect. 

Three  receiver  heads  collect  the  transmitted  optical 
energy,  one  each  to  cover  the  visible  and  near  infrared, 
near-  and  mid- inf rared , and  far-infrared  regions.  The  first 
sensor  is  equipped  with  a silicon  detector,  operating  at 
ambient  temperature,  to  sense  visible  radiation  flux.  The 
second  sensor  employs  a cooled  indium  antimonide  detector 
and  operates  in  the  near  and  mid- infrared  regions.  Far 
infrared  energy  is  sensed  by  the  third  sensor  which  utilizes 
a cooled  mercury  cadmium  telluride  detector.  Detector 
cooling,  as  required,  is  provided  by  demandflow  cryostats. 
All  sensing  heads  have  motordriven  filter  wheels;  boresight 
telescopes  are  mounted  on  each  receiver  optical  barrel. 

Phase-lock  circuitry  in  each  receiver  head  permits 
precise  phase- locking  to  the  modulated  source  energy.  Phase 
information  is  carried  by  land  lines  from  the  sources  to  the 
receivers.  As  a result,  accurate  transmission  readings  will 
be  possible  at  low  S/N  values. 

Supporting  meteorological  data  will  be  recorded  at  land 
sites  as  well  as  on  board  the  jack-up  barge,  anchored  off- 
shore. The  meteorologically  instrumented  jackup  barge  can 
be  permanently  stationed  in  water  as  deep  as  forty  feet.  The 
barge  instrumentation  provides  the  capability  to  assess 
local  wind  speed/direction,  air  temperature,  pressure, 
humidity,  turbulence,  solar  radiation,  water  temperature, 
temporal  wave-height  statistics,  and  aerosol  number  and  size 
distributions  (Knollenberg  counters). 

A forty-foot  tower,  rising  from  the  barge  deck,  is 
instrumented  to  permit  vertical  profiling  of  parameters  o!" 
interest.  Much  of  the  data  taken  from  the  barge  can  lie 
reduced  in  near  real  time.  Computer  programs  exist  to 
analyze  the  data  and  exhibit  results  in  a variety  of  for- 
ma t s . 


TEST  SET-UP 

The  three  receivers  will  be  co-located  at  Site  A (Figure 
1).  Radiation  sources  will  be  situated  at  the  Calibration 
Site  and  Site  C.  Site  B will  be  a back-up  source  s;*i  in 
the  event  the  4.0  kilometer  path,  between  Sites  A and  C,  i s 
too  long. 
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The  receiver  spectral  bands  will  be  chosen  in  several 
categories;  operational  bands  of  military  sensors;  bands 
employed  in  other  ongoing  programs  (such  as  OPAQUE) ; and 
bands  which  aid  atmospheric  investigations  at  selected 
spectral  locations.  (e.g.,  atmospheric  windows  and  laser 
regions) . 

Low  Mode  and  High  Mode  measurements  will  be  performed. 

The  Low  Mode  measurements  will  be  conducted  daily  on  a 
routine  basis.  Transmission  readings  will  be  performed 
hourly  over  an  8 to  12  hour  period.  Supporting  meteor- 
ological data,  taken  at  both  ends  of  the  transmission  path, 
will  include  visibility  (nephelometer) , temperature, 
pressure,  humidity,  and  wind  speed/direction.  All  meteor- 
ological measurements  during  Low  Mode  will  be  performed  from 
on-shore  installations.  Water  temperature  and  wave-height 
statistics  will  be  available  from  other  ongoing  programs. 

High  Mode  operations  will  be  conducted  at  intervals  of 
approximately  five  weeks.  Each  High  Mode  period  will  last 
one  week,  during  which  time  intensive  meteorological  data, 
both  on-shore  and  off-shore,  will  be  recorded  together  with 
atmospheric  transmission  data.  During  this  time  the  jack-up 
barge  will  be  continuously  manned.  Some  measurements  will 
be  conducted  after  daylight  hours.  Vertical  profiling  of 
meteorological  conditions  will  be  done  at  four  levels,  using 
the  forty-foot  tower  on  the  jack-up  barge.  All  meteor- 
ological instrumentation  previously  described  will  be  operated. 
Following  High  Mode  operations  data  reduction  will  be  per- 
formed by  NRL  (meteorology  from  jack-up  barge)  and  PMTC.  A 
cohesive  report,  detailing  measurement  results  will  be 
issued  semi-annually  by  PMTC.  More  frequent  distribution  of 
raw  data  will  be  performed  bv  PMTC.  It  is  anticipated  that 
much  analysis  of  the  raw  data  will  be  done  by  other  programs. 

In  preparation  for  High  Mode  operations,  extensive 
calibrations  of  all  equipment  will  be  conducted.  The  primary 
mode  of  calibration  for  the  double-ended  transmissometer 
system  is  the  "head-to-head"  technique  in  which  the  source 
is  brought  to  very  close  proximity  of  the  receiver.  Calibra- 
tions performed  in  this  manner,  have  been  shown  to  he  very 
accurate.  During,  very  clear  weather,  it  may  be  possible  to 
perform  calibrations  by  direct  measurements,  at  Site  A,  of 
the  sources  located  at  the  "Calibration  Site"  (Figure  1). 
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DAI  A ANALYSIS 


Detailed  analysis  of  the  SN1  data  will  comnence  earl>  in  1'Y  ~8. 
Atmospheric  transmission  values,  and  support ing  meteorological 
data,  will  he  stored  in  computer  compatible  format  on  magnetic  tape. 
Analog  or  digital  tapes  will  he  used  as  appropriate.  \t  intervals 
of  approximately  six  months,  the  data  will  he  recalled  to  in 
vestigate  specific  characteristics  of  the  maritime  environment. 

Statistical  Analysis  of  Temporal  Variations  in  Ujnosphor ic 
l ran_snfnysToTi’.  ’ TeiiipoVaT car iat  ions  in  atmospheric  transmission, 
in  selected  spectral  bands,  will  he  computed.  1 xtrema  and  mean 
values  will  he  catalogued.  Diurnal,  weekly,  and  monthly  variations 
will  he  compiled  and  presented  in  histogram  graphs.  Variances 
about  the  mean  values  will  he  computed.  Probability  distribution 
plots  will  generated. 

Lorre lat  ion  of  Atmospheric  Transmi  ss  ion  with  Meteoivh  ou.il 
Parameters.  \ study  of  the  relat ionsii ip  between  easily  measured 
meteorological  variables  and  atmospheric  transmission  will  be 
performed.  Cross  correlation  analyses  will  be  employed  to  identily 
high  correlation  parameters.  Meteorological  parameters  will  lx 
considered  both  singly  and  in  combination.  Weighting  functions, 
showing  the  relative  importance  of  distinct  meteorological  para 
meters  in  the  prediction  of  10  transmission,  will  be  generated. 

The  results  will  be  applied  to  varied  weather  scenarios  for 
validation  purposes. 

Relative  Importance  of  Aerosol  and  Moleculai  AtJ  duration. 
Analyses  will  Tie  performed  to  determine  the  relative  cent r ihut  ions 
of  aerosols  and  molecular  attenuators  in  the  extinction  process. 

1’he  total  extinction  due  to  molecular  absorption  and  aeros<  1 
scattering  will  be  measured  by  the  transmissometer  system  in 
several  spectral  bands.  The  extend  ion  due  to  molecular 
absorpt  ion,  alone,  will  be  computed  with  I.0WTRW,  Int  it  t itn  t he 
measured  atmospheric  water  vapor  content  and  estimates  tor 
amounts  of  other  absorbers. A simple  subtraction,  then,  provides 
the  extinction  due  to  aerosol  scattering.  these  results  will  be 
compared  with  aerosol  si  e number  distributions  obtained  during 
1 1 1 gli  Mode  opera  t ions . 

Vertical  Profiling  of  Atmospheric  Aerosols.  Analyses  A the 

variations  in  s i ;iv  number  distriliut  ions  of  marine  Is  will  lx 

base'll  on  direct  measurements  performed  during  High  Modi  opei  at  ions . 
Limited  data  will  be  available  f i heights  from  1 to  1 IV<  t MSI  . 
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These  data  will  be  taken  on  board  the  jack-up  barge.  If  OSP 
funding  permits  utilization  of  an  aircraft  measurement  platform, 
more  complete  aerosol  data  at  heights  above  100  feet  MSL  will  be 
available.  The  aerosol  data  will  be  presented  in  graphical  and 
tabular  form.  Probability  distribution  plots  and  other  representa 
tions  of  the  data  will  be  reported. 

Throughout  the  data  analysis  defined  above,  examinations  of  the 
effects  of  degraded  weather  will  have  a high  priority.  Frequency 
of  occurence,  persistence  of  conditions,  and  effects  on  transmission 
will  be  quantified  and  reported. 

The  magnetic  tapes  generated  during  the  S.M  experiment  will  be 
made  available  to  other  programs  upon  request  and  receipts  of  need 
to-know  verification. 
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SCHEDULE 

Preparations  for  the  transmissometer  experiment  have 
commenced.  Actual  measurements  are  scheduled  to  start  in 
March,  1977 


January,  1976 
July,  1976 
November,  1976 

November,  1976 
March,  1977 
February,  1977 

April,  1977 

October,  1977 
April,  1978 
October,  1978 


Transmissometer  System  Ordered 
SNI  selected  as  measurement  site 
Concrete  Pads  and  Hard  Power 
installed  at  SNI  stations 
Jack-up  barge  shipped  to  PMTC 
Jack-up  barge  anchored  off  SNI 
Delivery  of  transmissometer 
sys  tem 

Meteor logical  and  transmission 
measurements  begin 
First  semi-annual  report  issued 
Second  semi-annual  report  issued 
Third  semi-annual  report  issued 
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ABSTRACT 

Electro-optical  propagation  through  the  atmosphere  involves  both 
linear  and  non-linear  effects.  The  linear  aspects  include  atmospheric 
thermal  turbulence  which  modulates  and  redistributes  the  energy,  and 
gaseous  and  aerosol  extinction.  When  the  electro-optical  energy  is 
sufficiently  high,  the  atmospheric  absorption  will  produce  non-linear 
effects  which  result  from  the  dissipated  heat. 

An  extensive  measurement  program  is  currently  underway  at  the 
Atmospheric  Sciences  Laboratory,  White  Sands  Missile  Range,  to  obtain 
climatological  characterization  of  those  specific  atmospheric  para- 
meters which  degrade  electro-optical  propagation.  This  field  effort 
includes  multi-level  tower  measurements  of  thermal  turbulence,  and 
pertinent  meteorological  quantities  augmented  by  gaseous  constituent 
concentrations  and  aerosol  particulate  size  and  number  distributions. 
This  paper  includes  a synopsis  of  preliminary  data  results  and  a dis- 
cussion of  their  influence  on  electro-optical  propagation. 

INTRODUCTION 

The  emergence  of  military  electrical-optical  (E0)  systems  has  re- 
kindled interest  in  atmospheric  optics.  Ihe  theoretical  interpreta- 
tion of  E0  propagation  is  very  important;  however,  the  physical  in- 
terpretation of  the  results  of  actual  field  propagation  tests  is 
heavily  dependent  upon  atmospheric  measurements . 

At  the  Tri-Service  High  Energy  Laser  (MEL)  Systems  Test  Facility 
at  White  Sands  Missile  Range  (WSMR),  New  Mexico,  the  Atmospheric 
Sciences  Laboratory  bears  responsibility  for  the  atmospheric  charac- 
terization measurements . It  is  the  purpose  of  this  paper  to  discuss 
two  of  these  measurements  in  detail  - thermal  turbulence  and  crosswind 
and  to  present  some  general  conclusions  applicable  to  HI L propagation 
at  WSMR. 


ATMOSPHtRIC  EFFECTS 


There  are  both  linear  and  non-linear  atmospheric  effects  on  HEL 
beam  propagation,  effects  which  serve  to  degrade  the  overall  beam 
Quality.  The  main  linear  effects  are  due  to  thermal  turbulence  and 
molecular  and  aerosol  extinction.  Thermal  turbulence  results  in 
scintillation,  spot  dancing,  beam  bending  and  therefore  beam  spread. 

It  is  a random  process  whereby  small  scale  fluctuations  of  density 
change  the  index  of  refraction,  thus  rendering  the  atmosphere  non- 
homogeneous  and  non-isotropic.  Another  linear  effect  is  attributable 
to  absorption  and  scattering  of  photons  by  gases,  and  by  liquid  and 
solid  particles.  Dr.  Pinnick  will  address  certain  aspects  of  the 
latter  in  another  paper  presented  at  this  conference^. 

Among  the  non-linear  effects  is  thermal  blooming.  Thermal  bloom- 
ing results  from  absorption  of  energy  in  the  laser  beam  by  the  medium 
(gas,  liquid,  solid).  The  absorption  raises  the  temperature  of  the 
absorbing  medium  and  hence  lowers  its  density.  Part  of  the  energy  is 
refracted  out  of  the  original  beam  path,  thus  reducing  the  beam  quali- 
ty. Since  thermal  blooming  depends  on  the  heat  absorbed  in  the  atmos- 
phere, the  magnitude  of  the  effect  is  a function  of  the  hydrodynamic 
motion  of  the  medium  across  the  beam,  i.e.  the  so-called  crosswind. 

TOWER  MEASUREMENTS 

Current  measurements  are  being  taken  at  a 32  m meteorological 
tower  which  is  located  at  the  Tri-Service  Hiqh  Energy  Laser  Systems 
Test  Facility  (HELSTF),  approximately  29  km  north-northeast  of  the 
main  post  area  at  White  Sands  Missile  Range.  The  tower  is  located 
on  a flat-unobstructed  surface  between  the  San  Andres  and  Sacramento 
Mountains.  The  instrument  package  on  the  tower  consists  of  five  pair 
of  fast  response  temperature  probes,  located  at  2,  5,  9,  16  and  32  m, 
four  thermocouple  probes  located  at  the  surface,  5,  9,  and  32  m,  three 
UVW  Gill  anemometers  located  at  9,  16,  32  m,  and  a net  radiometer  at 
1 m. 

THERMAL  TURBULENCE 

In  the  study  of  propagation  of  laser  beams  through  the  atmosphere, 
information  about  the  refractive- index  fluctuations  is  essential  for 
meaningful  comparison  with  theoretical  predictions.  The  single  most 
important  parameter  is  the  refractive-index-structure  parameter  (Cn‘). 
To  obtain  Cn  , it  is  assumed  that  at  optical  wavelengths  and  oyer  small 
scale  sizes,  Cn?  is  a function  of  pressure,  temperature  and  Cf*',  the 
temperature-structure  parameter.  Thus?, 

Cn2  ( 2oP  x 10-6)?  CT2;  [m-2/3  ], 
where  P is  in  millibars,  T is  the  Kelvin  temperature. 


I i 


The  temperature 


structure  parameter  is  measured  by  a pair  of  tungston  filament  temper- 
ature probes  which  are  separated  in  the  vertical  by  0.2  m.  The  purpose 
of  these  probes  is  to  measure  the  instantaneous  temperature  differences 
(T2-T1)  which  determines  the  temperature  structure  parameter, 

CT2  = ’ [ DEGM"2/3L  (2) 

r2/3 


where  r is  the  separation  of  the  two  probes  in  meters. 

Data  for  Cy2  (from  which  Cn2  can  be  derived)  has  been  taken 
aperiodically  at  the  HtLSTF  since  April  of  1976.  The  diurnal  varia- 
tion of  Cy2  (Cn2)  is  shown  in  Fig.  1 for  a typical  clear  day  in  June. 
The  followino  formula, 


Cn2  = 6.0  x IO-I3  Cy2, 


(3) 


converts  Ct2  to  CnE  using  equation  (1)  for  typical  values  of  300. 0°K 
and  890.0  mb  for  T and  P,  respectively.  I he  three  curves  in  Fig.  1 
represent  measurements  of  Cy2  taken  at  the  5 m (-  -),  9 m ( - ) and 

the  32  m (-  -)  levels.  These  curves  show  thermal  turbulence  is 

strongest  around  noon  and  falls  to  a minimum  near  sunset  and  rises 
again  to  moderate  levels  at  night.  A minimum  usually  occurs  near  sun- 
rise, the  occurrence  beinq  strongly  influenced  by  the  structure  of 
temperature  inversions. 


On  a partly  cloudy  day  Cy2  (Cn2)  does  not  follow  the  consistent 
pattern  as  exhibited  by  Fig.  1 but  is  much  more  sporadic  in  nature 
and  hard  to  predict.  Figure  2 shows  a partly  cloudy  day  in  August. 
Notice  that  the  basic  features  are  present  but,  Cy2  (Cp2)  can  be 
about  a factor  of  four  lower  with  clouds  present. 


In  addition  to  "point"  measurements  of  turbulence,  indirect 
optical  integrated  path  measurements  of  Cn2  are  being  made.  The  At- 
mospheric Sciences  Laboratory  is  currently  utilizing  a Campbell  Model 
CA-9  Space  Averaging  Anemometer  and  a Saturation  Resistant  Crosswind 
Sensor  both  developed  bv  Ochs  et  al.at  the  National  Oceanii  and  Atmos- 
pheric Administration2' .The  expression  for  indirectly  computing  Cn2 
for  a spherical  wave  propagating  in  a random  but  statistically  station- 
ary turbulent  medium  isE 


Cn2  = 8.06  k"7/6  2-H/6  cL(0) 


(A) 


where  k is  the  wavenumber,  z is  the  distance  to  the  target  in  meters 
and  Cl(0)  is  the  variance  of  the  log-ampitude  irradlance  which  is 
measured  at  the  receiver.  Various  studies  have  been  made  to  correlate 
optically  measured  Cn2  with  temperature  probe  measurements  of  Cn<’  6'-7. 


If  slant  path  measurements  of  Cn?  are  needed,  the  measurement 
becomes  more  difficult.  Tower  measurement  of  (Crr)  may  be  appli- 
cable up  to, the  tower  height  which  is  typically  32  m.  Optically 
measured  Cn^  have  a very  limited  use  due  to  the  weighting  of  Cn^ 
along  the  slant  path  which  will  bias  the  data  toward  the  lower  heights. 
For  heights  from  32  m to  500  m an  acoustic  sounder,  for  example, 
developed  by  Freeman  Ha 1 1 8 at  the  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  can  provide  Cn^  as  a function  of  altitude.  For 
heights  above  500  m,  the  Air  Force  Weapons  Laboratory  is  working  on 
a program  of  indirectly  computing  Cn?  from  normal  Rawinsonde  or 
Thermosonde  measurements^. 


CROSSWIND 

The  understanding  of  the  meteorological  effects  on  continuous 
wave  thermal  blooming  is  needed  to  describe  HEL  propagation.  The 
meteorological  parameters  needed  to  understand  these  effects  are: 
crosswind  speeds,  thermal  turbulence,  and  total  absorption  which  in- 
cludes both  molecular  and  aerosol  absorption.  Only  the  crosswind 
aspects  will  be  discussed  in  this  section. 

Thermal  blooming  is  inversely  proportional  to  the  crosswind 
speed'O.  yhe  beam  quality  is  influenced  by  the  crosswind  speed  in 
that  an  increase  of  wind  speed  reduces  the  time  in  which  heated  cons- 
tituents of  the  atmosphere  are  in  the  laser  path. 

There  are  two  crosswind  considerations  which  apply  to  high  energy 
laser  firing:  1)  the  climatology  of  wind  speed  and  2)  the  intermit- 

tency,  which  is  defined  as  the  process  by  which  the  crosswind  speed 
is  high  enough  at  each  point  along  the  path  so  as  not  to  decrease 
the  beam  quality  to  an  unacceptable  level. 

The  climatology  of  crosswind  speed  is  needed  to  determine  the 
extent  to  which  a potential  site  may  be  used  for  HEL  testing  and  to 
determine  the  optimum  orientation  for  the  range  once  the  site  has 
been  selected.  Once  that  the  site  and  range  orientation  have  been 
determined,  and  a HtL  firing  is  to  take  place,  the  wind  speed  at 
various  points  along  the  path  have  now  become  of  special  interest. 

At  the  HELSTF,  there  is  no  actual  climatology  of  wind  speed  and 
direction.  However,  an  extensive  set  of  cl imatoloqical  wind  data 
does  exist  for  "similar"  locations  in  the  area.  Thirty-year  and 
9-year  statistics  of  wind  speed  and  direction  are  available  from  Hollo- 
man Air  Force  Base''  (located  32  km  to  the  northeast  of  HELSTF)  and 
Rat  Scat  Site''1  (located  18  km  to  the  north  ) respectively.  The  ex- 
tent to  which  the  Holloman  Air  Force  Base  (AFB)  data  may  be  applicable 
to  the  HELSTF  was  examined  by  detailed  comparison  of  the  original  wind 
records  for  various  months  in  1976.  Figure  3 shows  the  comparison  of 
Holloman  AFB  and  HELSTF  wind  speed  and  direction  for  July  1976.  As  seen 
in  this  figure,  the  comparison  shows  that  the  data  fron  each  site  is 


similar.  If  this  comparison  holds  for  the  remaining  11  months,  the 
Holloman  AFB  data  will  be  used  to  compile  probabi 1 i ties  of  wind  speed 
for  particular  wind  directions.  Analysis  of  the  climatological  data 
wind  speed  at  Holloman  AFB  shows  the  wind  speed  is  the  highest  during 
the  hours  of  1500-1800  MST.  Using  this  time  interval.  Fig.  4 shows 
the  monthly  variation  of  the  probability  of  a crosswind  speed  greater 
than  5 m sec"^  for  three  laser  propagation  orientations.  The  highest 
crosswind  speed  occurs  during  the  spring  months  and  the  NW-SE  orienta- 
tion maximizes  the  crosswind  at  least  for  the  spring. 

Realtime  displays  of  the  variation  of  wind  speed  along  the  laser 
path  is  important.  These  displays  will  delineate  the  critical  stag- 
nation zones  for  thermal  blooming.  Figure  5 shows  a typical  horizontal 
realtime  plot  of  20  UVW  Gill  anemometers  (crosswind  component)  spaced 
by  25  m apart  for  500  m as  a function  of  time.  This  plot  shows  that 
if  a HEL  beam  propagates  through  this  wind  pattern,  there  are  places 
along  the  path  where  the  windspeed  is  probably  low  enough  to  cause 
significant  thermal  blooming  whereas  an  arithmetic  average  of  20 
wind  speeds  would  probably  have  been  high  enough  for  HEL  propagation. 

If  winds  along  slant  paths  are  needed,  the  measurement  problem 
increases.  Candidate  systems  for  integrated  path  measurements  are 
the  aforementioned  Campbell  and  Saturation  resistant  units.  Path 
profiling  systems  such  as  laser  doppler  velocimeter^ 3,  Freeman  Hall 
acoustic  sounder  and  the  N0AA1h  are  being  investigated  for  application 
to  the  slant  path  problem. 


SUMMARY 

Climatologies  of  Cn?  and  wind  velocity  are  being  developed  for 
the  tentative  site  location  of  the  HELSTF.  Atmospheric  Sciences 
Laboratory  will  continue  to  gather  data  on  these  parameters,  deter- 
mine how  these  parameters  effect  HEL  propagation,  and  develop  a 
capability  to  predict  these  parameters  for  realtime  use.  The  predic- 
tion will  not  only  focus  on  a week  or  hour  in  advance,  but  along  a 
path  when  measurements  are  not  made  directly  alonq  the  path. 

From  the  climatological  approach  the  best  time  to  fire  HEL  with 
respect  to  Cn^  and  crosswind  at  the  HELSTF  is  during  the  spring  months 
between  1500-1800  hrs. 

Basically  this  paper  has  dealt  with  some  of  the  meteorological 
parameters  needed  for  fixed  path  HEL  firing.  However  a capability 
to  make  moving  measurements  of  Cp2  and  crosswind  speed  needs  to  be 
developed . 
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EVALUATION  OF  THE  PROPAGATION  ENVIRONMENT 
USING  LASER  RADAR  TECHNIQUES* 

By 

Edward  E.  Uthe 
Stanford  Research  Institute 
Menlo  Park,  California  94025 

ABSTRACT 

The  atmosphere  is  a highly  variable  medium  that  can  have  limiting  effects 
on  the  performance  of  many  DoD  communication  and  weapon  systems.  Atmospheric 
effects  on  these  systems  are  typically  poorly  understood  because  of  the  diffi- 
culty in  measuring  critical  atmospheric  parameters  with  adequate  spatial  and 
temporal  resolution  over  appropriate  extended  atmospheric  regions--especia lly 
when  the  regions  are  made  hazardous  by  use  of  the  communication  and  weapon 
systems. 

Lidar  (Laser  radar)  is  one  class  of  remote  sensing  instrumentation  that 
provides  a means  to  derive  quantitative  information  on  aerosol,  cLoud,  and  pre- 
cipitation density  distributions  and  optical  properties  over  extended  areas  with 
extremely  high  spatial  and  temporal  resolution,  using  instrumentation  located  at 
a single  convenient  site.  SRI  has  developed  a mobile  lidar  system,  complete 
with  its  own  power  supplies,  for  immediate  operation  at  any  location.  The  sys- 
tem incorporates  independent  analog  and  digital  data  recording,  processing,  and 
display  systems  for  providing  reliable  real-time  analysis  on  operational  pro- 
grams, and  for  effective  data  collection  on  research  programs.  Both  display 
systems  can  process  a series  of  backscatter  signatures  in  terms  of  intensity- 
modulated  pictorial  displays  tha t depict  time  and  space  variations  of  atmo- 
spheric structure.  In  addition,  the  digital  system  can  apply  appropriate  com- 
putational schemes  to  evaluate  backscatter  signatures  in  terms  of  physical  and 
optical  densities  and  relate  this  information  to  picture  brightness. 

This  paper  briefly  describes  the  SRT  Mark  IX  mobile  lidar  system  and  pre- 
sents examples  of  data  that  demonstrate  its  capabilities  for  real-time  observa- 
tion of  atmospheric  aerosol,  cloud,  and  precipitation  elements  over  remote  atmo- 
spheric volumes.  Also  presented  are  preliminary  measurements  of  atmospheric 
attenuation  at  high  energy  laser  (HEL)  wavelengths  made  with  an  infrared  (C07) 
lidar  system. 


Preparation  and  presentation  of  this  paper  was  supported  by  U.S.  Army  Re- 
search Office  (Contract  DAAG29-77-C-0001)  and  Stanford  Research  Institut'e. 
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I INTRODUCTION 

Electromagnetic  energy  sources  are  available  that  can  generate  well- 
collimated  beams  or  pulses  for  achieving  very  effective  propagation  of  energy 
densities  over  long  distances.  However,  military  communication  and  weapon  sys- 
tems based  on  these  sources  can  be  adversely  affected  by  atmospheric  constitu- 
ents that  scatter  and  absorb  energy  of  the  wavelength  being  propagated.  It  is 
essential,  therefore,  to  evaluate  atmospheric  effects  on  system  performance. 
Experimental  evaluation  of  the  propagation  environment  for  realistic  atmospheres 
is  difficult  because  of  the  large  variations  in  atmospheric  density  and  compo- 
sition that  can  occur  in  very  small  increments  of  space  and  time.  Analytical 
evaluation  is  also  difficult,  because  particle  single-scattering  phase  functions 
can  vary  in  a complex  manner  with  particle  size,  shape,  and  composition,  and  be- 
cause multiple  scattering  cannot  be  accounted  for  accurately  except  in  the  case 
of  very  simple  geometries  of  atmospheric  density  and  propagation  path.  In  ad- 
dition, high-resolution  absorption  spectra  for  nonhomogeneous  atmospheres  re- 
quire extensive  computational  efforts  and  are  usually  based  on  empirical  data 
collected  for  homogeneous  paths.  Even  if  appropriate  analytical  techniques 
were  readily  available,  measurement  programs  would  be  required  to  validate  pre- 
dicted effects  for  specific  systems  used  during  various  meteorological  condi- 
tions. 

The  propagation  environment  can  be  characterized  in  terms  of  the  distribu- 
tion of  atmospheric  constituents  that  can  affect  the  propagation  energy.  If  an 
important  constituent  is  homogeneous  in  space  and  time,  a single  measurement  at 
any  location  is  all  that  is  normally  required  to  specify  its  effect  on  the  prop- 
agation environment.  However,  if  a constituent  is  extremely  heterogeneous  in 
space  and  time,  measurements  at  many  locations  at  the  exact  time  of  the  propaga- 
tion event  may  be  required  to  define  its  effect.  In  addition,  the  propagation 
environment  may  be  wavelength-dependent  in  such  a manner  that  identification  of 
the  meteorological  situation  can  provide  a means  to  minimize  atmospheric  af- 
fects by  proper  choice  of  wavelength.  Therefore,  for  experimental  evaluation 
of  the  propagation  environment,  it  is  important  to  define,  even  on  a re  la  live 
density  basis,  time  and  space  density  variations  of  important  atmospheric  con- 
stituents. 

Lasers  provide  a source  of  light  energy  with  the  charac ter  is t i cs  neces- 
sary for  strong  interaction  with  atmospherically  suspended  particulate  matter 
at  remote  distances.  Recognizing  this  soon  after  the  development  ol  tin  first 

laser,  scientists  at  SRI  began  a series  of  experiments  in  1%3  to  develop  and 
apply  single-ended,  range-resolved  lidar  ( laser- rada rl  techniques.  Most  of 
the  experiments  were  directed  to  the  study  of  aerosol  and  cloud  structure  over 
extended  atmospheric  areas  with  spatial  resolution  and  temporal  coverage  not 
possible  with  other  techniques.  Recent  lidar  developments  can  provide  real- 
time pictorial  displays  of  the  relative  densities  of  tin  distribution  of 
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aerosol,  cloud,  and  precipitation  over  extended  areas.  The  displays  can  be 
interpreted  quantitatively  in  terms  of  the  presence  and  location  of  smoke 
plumes,  haze  layers,  cloud  layers,  and  similar  features.  Several  quantitative 
lidar  studies  have  produced  remote  density  measurements  that  compare  favorably 
with  in  situ  measurements.  However,  to  derive  absolute  physical  and  optical 
densities  by  means  of  techniques  of  approximate  solution,  additional  informa- 
tion or  assumptions  about  the  propagating  medium  are  required.  Further  studi>  s 
are  needed  to  explore  and  evaluate  fully  the  limitations  of  lidar  techniques 
in  measuring  the  propagation  environment  quantitatively. 


Li  MARK  IX  LIDAR:  LKAMPLFS  OF  DATA 


The  SRI  Mark  IK  ruby  Lidar  system  is  the  product  of  many  years  of  experi- 
ence in  developing  laser  radars  for  application  to  research  programs  that  re- 
quire input  data  on  atmospheric  aerosol,  cloud,  and  precipitation  elements  with 
high  spatial  and  temporal  resolution  over  remote  areas.  Operated  from  a mobile 
platform  (see  Figure  i)  provided  with  power-generating  facilities,  it  can  be 
transported  Lo  any  Location  for  immediate  operation.  The  Mark  IK  specifications 
are  listed  in  Figure  L,  and  a system  diagram  is  presented  in  Figure  2.  One  of 
the  Mark  IX's  principal  features  is  the  use  of  two  independent  data  recording, 
processing,  and  display  systems  for  real-time  viewing  of  pictorial  displays  of 
atmospheric  structure.  The  dispiavs  are  generated  from  backscattcr  data  ob- 
tained from  muLtiple  laser  firings  while  the  lidar  is  being  scanned  in  eleva- 
tion, or  azimuth,  or  with  time.  i'he  analog  (video  disc)  system  provides  nearly 
instantaneous  access  to  any  of  80,000  signatures  recorded  on  a disc  side,  and 
the  computer-based  digital  system  provides  digital  records  for  processing  in 
terms  of  physical  and/or  optical  densities,  in  addition  to  controlled  gray- 
scale presentations  (I’tlie  and  Allen,  l')75) . KxampLes  of  data  obtained  with  tin 
Mark  TX  lidar  are  presented  lie  low. 

Figure  T presents  data  collected  during  a weapon- f i ring  exercise  at  an 
army  base  (Nanevicz  et  a 1 . , L07t>).  Iln  Mark  IX  lidar  was  located  approximated 
4.2  km  t rum  background  trees  and  l.b  km  from  a firing  mortar.  The  mortar 
shells  impacted  in  an  area  L to  2 kin  from  the  lidar.  Returns  from  the-  trees, 
mortar  firing,  and  shell  impact  are  visible  on  the  data  record.  From  the  lidar 
observation  ot  Liu-  mortar  firing,  and  impact  particulates,  the  wind  over  Lin 
field  is  inferred  Lo  have  a component  in  the  direction  of  Lin  mortar  shell  ot 
approximately  1 km/min. 


Figure  t illustrates  one  application  of  the  digital  data  system  for  ob- 
si  rvat  ions  o I aerosol  plume  densities  along  possible  propagation  paths.  The 
vertical  plume  cross  section  shown  is  plotted  as  an  i n Lens i tv-modu la  ted  array 
of  points,  each  with  brightness  proportional  to  the  logarithm  of  the  hack- 
scatter  signal  (1’the  and  Johnson,  l‘)7(>).  Since  the  backscattcr  signal  array 
is  also  stored  as  an  x-v  array  of  digital  numbers,  a profile  of  plume  density 
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MARK  IX  LIDAR  SPECIFICATIONS 


(a)  MARK  IX  LIDAR  VAN 


TRANSMITTER 

6943A  Wavelength 
0.5  mrad  Beamwidth 
1 .0  J Pulse  Energy 
30  ns  Pulse  Length 
60  ppm  Maximum  PRF 


6 inch  Newtonian 

1 to  5 mrad  Field  of  View 

5 A Prediction  Filter 

RCA  7265  PMT  Detector 

4 decade.  35  MH/  Logarithmic  Amplifier 

Inverse  range  squared  or  step 

function  PMT  modulation 


(b)  ANALOG  DATA  ANO  FIRE  CONTROL  ELECTRONICS 


MOUNT 


Automatic  a/imuth  and  elevation  fire  and  scan 
with  0.1f*  minimum  resolution  Automatic  reset. 
Mechanical  safety  stops. 


DATA  SYSTEMS 


Analog  video  disc  recording  (4.5  MH/)  with  A 
scope  and  Z -scope  real-time  displays  Digital 
magnetic  tape  (data  and  programs)  recording 
(25  MH/)  with  computer  processing  and  real- 
time TV  display  1512  x 256  x 4 bit)  of  pro 
cessed  data 


(c)  DIGITAL  DATA  ELECTRONICS  FIGURE  1 THE  SRI  MARK  IX  LIDAR  SYSTEM 
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FIGURE  2 BLOCK  DIAGRAM  OF  THE  SRI  MOBILE  MARK  IK  LIDAR  SYSTEM 

can  easily  be  determined  for  any  geometric  path.  In  this  example,  the  Lidar 
operator  instructed  the  program  to  pLot  five  vertical  plume  density  profiles 
at  the  horizontal  distances  marked  by  a short  vertical  line  segment  above  the 
plume  cross  section.  The  vertical  relative-density  profiles  are  plotted  on 
the  screen  in  terms  of  10  dB/division  ( 10  dB  = one  order  of  magnitude  of  vari- 
ation in  plume  density),  and  each  profile  is  offset  10  dll  for  clarity.  Similar 
procedures  could  be  used  to  derive  relative-density  profiles  along  propagation 
paths  of  any  orientation. 

Figure  5 illustrates  the  capabilities  of  the  Mark  IX  digital  display  sys- 
tem and  of  the  ability  to  incorporate  supplementary  data  (see  Figure  2)  for  ef- 
fective analysis.  The  TV  display  lias  25b  vertical  raster  lines,  each  with  512- 
point  resolution  in  the  vertical;  each  point,  in  turn,  is  displayed  as  one  oi 
lb  brightness  levels  (the  most  significant  4-bits  of  each  B-bit  data  word  stored 
on  tape).  In  this  figure,  the  top  half  of  tin  IV  screen  is  used  for  generating 
a height/ time  cross  section  of  atmospheric  structure  as  observed  with  tin  lidar. 
The  bottom  half  of  the  screen  is  used  to  generate  a corresponding  height  l inw 
cross  section  ol  atmospheric  structure  observed  with  an  acoustii  radar  (sodarl. 
Kach  vertical  raster  line  presents  an  intensity  modulated  display  <>I  tin 
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FIGURE  3 LIDAR-DERIVED  DISTANCE/TIME  CROSS  SECTION  OF  AEROSOL 
STRUCTURE  RESULTING  FROM  MORTAR  FIRING  AND  IMPACT 
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FIGURE  4 EXAMPLE  OF  COMPUTER  GENERATED  VERTICAL  PLUME  DENSITY  PROFILES 

Lidar  is  located  at  lower  left  corner  The  height  and  distance  scale  is  75  m div 
Plume  vertical  concentrations  (relative  to  clear  an  with  a scale  of  10  dB  div)  an4 
plotted  at  the  lower  left  and  the  horizontal  position  associated  with  each  profile 
is  plotted  in  the  upper  right. 
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FIGURE  5 DUAL  LIDAR/SODAR  DISPLAY  OF  ATMOSPHFRIC  STRUCTURE  MEASURED 
AT  MENLO  PARK,  CALIFORNIA 

The  most  intense  Ildar  return  shown  is  from  fog  and  stratus  cloud,  which  the 
lidar  pulses  did  not  completely  penetiate  before  1030  PST 

backscatter  signature  recorded  from  one  sound  puise  and  one  laser  pulse  that 
arc  emitted  nearly  simultaneously  into  the  atmosphere. 

The  records  presented  in  Figure  5 were  collected  at  Menlo  Park,  California 
beginning  with  the  presence  of  a low-visibility,  surface-based  stratus  cloud 
layer.  The  lidar  pulses  did  not  completely  penetrate  the  stratus  layer  before 
1030  PST,  and  hence  the  layer  top  is  not  defined  by  the  early  lidar  data.  How- 
ever, the  layer  top  is  determined  from  the  sodar  data,  because  acoustic  back- 
scattering  results  from  temperature  (and,  po.-sibly,  humidity)  inhomogeneities 
occurring  in  the  subsidence  inversion  that  caps  the  stratus  layer.  The  lidar 
data  show  that  the  stratus  layer  lifts  from  the  surface  with  the  beginning  of 
the  larger  convective  plumes  shown  on  the  sodar  record  (~  0950  PST).  As  the 
optical  density  of  the  layer  decreases,  as  shown  by  the  lidar,  the  layer  top 
determined  by  the  lidar  and  sodar  records  agree.  Lidar  and  sodar  data  arc  com- 
plementary for  the  study  of  the  propagation  environment  above  the  surface;  the 
lidar  detects  the  suspended  particulate  matter  associated  with  the  sodar- 
detected  thermal  structure,  and  the  sodar  can  be  used  effectively  Lo  evaluate 
the  penetration  capabilities  of  various  lidar  systems. 

The  use  of  an  overhead  lidar  scan  to  observe  spatial  variation  of  sub- 
visible  cirrus  is  illustrated  by  the  data  presented  in  Figure  b (data  collected 
at  White  Sands  Missile  Range).  Repetitive  angular  scans  can  be  used  to 
observe  movement  in  cloud  (and  aerosol)  patterns,  thus,  providing  information 
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FIGURE  6 LIDAR  ELEVATION  ANGULAR  SCAN  OBSERVATIONS 
OF  CIRRUS  CLOUD  STRUCTURE  DURING  THE 
PERIOD  1745-1755  MST  ON  22  MARCH  1973 
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FIGURE  7 LIDAR  OBSERVED  CIRRUS  CLOUD  STRUCTURF  OBSERVED  OVER  MFNLO  PARK, 
CALIFORNIA  FROM  1000  TO  1200  LOCAL  TIME  (23  JANUARY  1976 
Time  has  been  equated  to  horizontal  distance  by  assuming  wind  information  at  cloud 
altitude  and  that  cloud  structure  remains  constant  as  the  clouds  are  adverted  by  the  wind 
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on  wind  direction  and  velocities.  Figure  7 presents  data  that  show  the  structure 
of  cirrus  clouds  passing  overhead  at  Menlo  Park,  California.  Only  the  densest 
elements  were  visible  to  surface  observers. 

rhe  lidar  has  been  used  at  Kwajalein  to  document  absolute  cirrus  cloud 
densities  along  reentry  paths  (Uthe  et  a l . , LS* 70 ; Uthe  et  a l . . 1974).  Use  ot 
in  situ  sampling  aircraft  is  limited,  because  of  possible  large  time  and  space 
variations  of  cloud  densities,  and  because  of  possible  dangers.  The  lidar  tech- 
nique could  be  used  equally  well  to  define  cloud  densities  along  propagation 
paths.  The  data  collected  established  a high  frequency  throughout  the  year  of 
tropical  high-altitude  (12-18  km)  subvisible  cirrus  clouds  that  typically  per- 
sist for  several  days.  Cloud  thicknesses  were  frequently  observed  to  Ik  less 
than  1 km,  and  in  many  cases  the  clouds  were  relatively  dense  (high  water  con- 
tent), though  they  were  subvisible  to  surface  and  airborne  observers  and  to 
visible  and  infrared  satellite  sensors.  Applying  computational  algorithms 
written  for  operation  on  the  Mark  IX  computer-based  digital  system,  absolute 
cloud  densities  were  evaluated  in  real-time  for  operational  use  (Uthe  and 
Allen,  1975).  By  comparison  with  in  situ  measurements  of  cloud  density,  it 
was  concluded  that  the  1 idar-derived  values  were  not  critically  dependent  on 
assumed  factors  of  crystal  size  and  shape. 

Lidar  can  also  provide  high  space  and  time  resolution  information  on  Lin 
density  structure  of  falling  precipitation.  An  example  is  shown  in  I'igmn  S. 

The  excellent  penetration  of  the  lidar  pulse  (0.7  i m wavelength)  through  the 
precipitation  elements  (up  to  the  cloud  base)  is  explained  by  Lin  large  lorw.ird 
scattering  associated  with  scattering  particles  much  larger  than  Lin  illuminat- 
ing wavelength.  file  forward  scattered  light  is  effectively  added  lo  tin  unsc.it- 
tered  pulse,  decreasing  the  effective  attenuation  of  the  laser  energy.  l'ln  re- 
fore,  in  this  case,  useful  information  on  the  transmission  properties  i t the 
propagation  medium  is  obtained.  Interesting  featui  vident  in  Figur< 
elude  the  obvious  wind  shear,  the  elevated  precipitation  not  r a oh i n.  i uni 

level  (vtrga),  and  a dark  band  near  an  altitude  of  4 km,  which  has  il • • u 

observed  on  other  data. 
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FIGURE  8 LIDAR  OBSERVATIONS  OF  PRFCIPI T A T ION  STRlH  I .!■ 
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III  QUANT  ITATIVK  KVALUATION  OF  OPTICAL  AND  PHYSICAL  1)1  NS  I i 1 1 S 

The  s ingle  -scattering  l Ida  r equation  (liquation  l.  Coll  is  and  Utile,  1*1/2) 
describes  factors  that  determine  the  response  of  a lidar  system  for  a given  at- 
mospheric condition.  Included  in  the  formulation  are  two  optical  parameters 
that  relate  characteristics  of  the  atmospheric  medium  along  the  propagation  path 
to  the  response  (signature)  function.  The  baekscatter  coefficient  determines 
the  amount  of  light  backscattered  at  a given  distance  from  the  lidar,,  and  the 
extinction  coefficient  determines  the  transmission  properties  along  the  path 
intervening  between  the  hackscattering  volume  and  the  lidar  system.  For  rela- 
tively clear  atmospheres,  the  attenuation  term  can  normally  he  ignored  or  well 
approximated,  using  standard  atmospheric  modeLs.  Onlv  a system  calibration  or 
reference  to  an  atmospheric  region  of  known  baekscatter  is  required  to  evaluate 
the  lidar  signature  in  terms  of  absolute  volume  baekscatter  coefficients.  How- 
ever, for  atmospheric  regions  of  Large  attenuation  rates,  information  on  the 
backsca t ter- to-ext inc tion  ratio  must  be  independently  measured  or  estimated,  in 
order  to  remove  the  effect  of  attenuation.  Derivation  of  optical  or  physical 
density  terms  requires  information  on  backsca t ter- to-ext  inc tion  or  backscatter- 
Lo-density  ratios  representative  of  the  atmospheric  medium  being  observed.  Col- 
lis  and  Russell  (L*)7b)  and  CoLlis  and  lithe  (L*)72)  provide  further  discussion. 
F.xamples  applied  to  the  derivation  of  smoke  plume  densities  are  given  by  Johnson 
and  Uthe  (1971),  and  Vlezee  et  al.  (1969)  discuss  derivation  of  extinction  co- 
efficients for  low  visibility  .atmospheres.  Lidar  has  also  been  used  to  measure 
transmission  losses  in  dust  clouds  that  are  generated  by  near-surface  high- 
explosive  events  (Viezee  and  Uthe,  L976).'  Some  additional  results  that  demon- 
strate possible  quant i ta t i ve  applications  are  given  below. 

In  quantitatively  evaluating  the  propagation  environment  from  baekscatter 
data,  it  is  important  to  define  possibl.  variations  in  the  backseat ter-to- 
extinction  or  backsca t ter- to-dens  i tv  ratios  resulting  from  uncertaint ies  of 
particle  size,  shape,  and  composition  distributions.  For  example.  Figure  *>  pre- 
sents data  derived  from  Lidar  observations  of  both  black  and  white  smoke  plumes, 
generated  by  using  the  same  instrumentation  technique  but  different  chemical 
composition  (Uthe,  L975).  As  the  density  of  the  plume  was  increased,  its  opacity 
was  measured  by  analyzing  the  clear  air  Lidar  returns  observed  bolorc  and  alter 
the  plume  return;  these  values  are  re  La  ted  to  the  plume  return  in  Figure  . 

These  data  show  that  approximately  5 dB  (factor  of  3)  of  signal  variation  can 
occur  for  extreme  changes  of  composition. 

A more  controlled  experiment  has  been  reported  by  Uthe  and  LappK  (l‘l/-’t. 

A Large-scale  chamber  was  especially  designed  and  constructed  for  making  remote 
(.  5<K1  ft)  observations  of  generated  aerosols  of  known  partii  1.  sic  , shape. 


These  results  are  c 
ten  paper.  fhev  wi 


lassi fiid  and  are  not  presented 


IL,  however,  he  discussed  in  lilt 
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FIGURE  9 PLUME  RETURNS  PLOTTED  AGAINST  OPACITIES 
DERIVED  FROM  NEAR  AND  FAR-SIDE  CLEAR 
AIR  RETURNS 

composition,  and  concentration.  Figure  iO  presents  the  results  of  using  actual 
fly  ash  from  a coal-burning  power  plant,  classified  into  four  size  categories. 
The  results  show  that  for  a 0.7  :.m  wavelength  lidar  system,  the  backsca t to r-to- 
extinction  ratio  is  nearly  independent  of  the  particle-size  classification.  It 
was  also  shown,  however,  that  at  this  wavelength  the  backsca t to r- to-mass  concen- 
tration ratio  is  greatly  dependent  on  particle  size.  Results  using  a 1.0b  m 
wavelength  lidar  indicated  that  the  backscatter-to-extinction  ratio  is  more  de- 
pendent on  particle  size,  but  the  backsca t ter- Lo-ma s s ratio  is  less  dependent 
on  particle  size  than  at  the  0.7  m wavelength. 

Multiple  wavelength  lidar  systems  can  be  used  to  derive  range1- re-sol  ved  gas 
attenuation  cue  I f ie  ion ts . the  differential  absorption  technique  uses  a t mosphei  i . 
aerosols  as  targets  to  backseat  tor  energy  to  tin  lidar  roc.  ivs  r.  I I on  wav.  - 
length  is  within  the  center  of  an  absorbing  gas  line,  whil<  tin  other  wav.  I . m th 

is  on  side  of  tin  Lino,  then  tin  difference  in  recei  i einrcv  at  tin  two  wave- 
lengths can  be  analyzed  for  gas  attenuation  rates.  .ina-n  solved  .1.  oust  ra- 
tions of  tin  technique  have  been  made  using  visible  < . holla  nl,  I '•  > ; e rant  e t 
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FIGURE  10  VOLUME  BACKSCATTER  COEFFICIENTS  1,1)  OBSERVED 
AT  A LIDAR  WAVELENGTH  OF  0 7 p RELATED  TO 
WHITE-LIGHT  VOLUME  EXTINCTION  COEFFICIENTS 

The  dashed  line  represents  the  best  fit  to  the  data  of  the 
nonlinear  equation  indicated 

a L . , L 074)  and  uLtravioLet  (Grant  and  Hake,  Ll>75)  Lasers.  I.  xteiid  i nr  Lin  se  capa- 
bilities to  the  infrared  region  of  the  spectrum  permits  access  to  tin  charact; r- 
istic  infrared  absorption  lines  of  hundreds  ot  additional  caseous  speeii s.  lor 
example.  Figure  LI  presents  data  derived  with  a CD,  lidar  svsti  i (Muit.iv  el  al., 
L‘)7b) . A parametric  series  of  expected  lidar  signatures  has  been  n n.  rated  lor 
homogeneous  atmospheres  with  extinction  coefficients  varying  between  <1  and 
0.8  km” ^ . Superimposed  on  this  pLot  are  two  observed  signatures  taken  on  tin 
K(  18)  and  8(20)  1 im  s (I0.2b0  and  10.247  .m  wavel.  nctlisi  . Lin  total  > -.tiintion 
coefficients  appear  to  he  approximately  0. I and  0.8  km  ' for  tin  a lSi  and  11(201 
lines,  respectively.  As  a check  on  these  l idar-dei i ved  values,  in  situ  luimidilv 
measurements  and  the  water-vapor  absorption  coelfieients  measured  hv  Hnn.il  i el 
.i  1 , (L'i/5)  were  used  to  estimate  tin  extinction  coefliiients  as  n.0'13  and 
0.8!  km”'.  Thus  the  in  situ  estimates  are  in  good  agreement  i i til  the  lidar- 
de rived  values. 
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FIGURE  11  SINUlE  ENDED  MEASUREMENT  OF  THE  TOTAL  EXTINCTION 
COEFFICIENT  USING  THE  INFRARED  LIDAR  SYSTEM 


This  single-ended  method  to  measure  total  extinction  may  be  a valuable  tool 
in  assessing  infrared,  high-energy  laser  propagation  characteristics  of  the  at- 
mosphere. By  using  the  simultaneous  information  or  particulate  backsca ttering 
contained  in  the  lidar  data,  a useful  separation  of  particulate  and  gaseous  at- 
tenuation could  also  be  attempted.  SKI  is  now  actively  pursuing  research  on 
botti  the  particulate  and  gaseous  aspects  of  the  propagation  medium. 

IV  CONCLUSIONS  AND  RECOMMENDATIONS 

The  experimental  results  presented  in  this  paper  illustrate  the  potential 
of  the  lidar  technique  for  measuring  the  propagation  environment,  with  tin  spa- 
tial and  temporal  resolution  required  for  evaluating  its  effect  on  military  com- 
munication and  weapon  systems. 

Additional  experimental  programs  are  recommended  to  extend  the  data  base 
fe'r  evaluating  the  capabilities  and  limitations  ol  tin  lidar  technique.  Spe- 
cific experiments  should  include'  various  wavelength  lidar  systems,  and  tlu-v 
should  a 1 sei  p ro v i el e in  situ  observations  «•>  1 such  quantities  as  aere'sol  charac- 
terization (particle  size',  shape,  composition,  and  e emce  n t ra  t i on)  , atmosphe  lie 
t ransmi  ss  ion  (using  e'e>n  ve  nt  iona  1 Lwo-e'iide'el  L ran  smi  sse'me  tegs'),  an»i  nu1  te-eere'  log  i - 
cal  variables  (temperature  , humiditv,  pre  ssure  , winels)  . Me’a sure-mem ts  she'uld 
be  iruide  for  varieius  natural  atmospheric  conditions  and  for  controlled,  man- 
made particulate  and  gas  environments. 
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ABSTRACT 
(Unc lass i f ied ) 


(U)  An  analysis  of  the  sensitivity  of  the  propagation  of  high  energy  laser  (MEL)  beams  to 
fluctuations  in  two  of  the  most  important  meteorological  variables  is  presented.  A brief  review 
of  the  features  of  HEL  propagation  is  discussed  in  order  to  render  the  sensitivity  study  meaningful 
to  those  unfamiliar  with  HEL  systems.  The  study  is  presented  as  a prototype  "EO-MET"  investigation. 
Definitive  conclusions  are  drawn  and  recommendat ions  are  made  for  future  research  work  in  prop- 
agation and  in  meteorology. 

1.  INTRODUCTION 

a . Definition  of  a Sensitivity  Study 

(U)  A sensitivity  study  here  shall  mean  the  establishment  of  relat ionsh ipe between  one  set  of 
important  dependent  variables  and  another  set  of  important  independent  variables,  followed  by  an 
analysis  of  what  errors,  and  the  distributions  in  the  latter  set,  imply  for  the  former  set. 

Within  the  framework  of  an  "EO-MET"  study,  the  first,  dependent,  set  of  variables  will  be  the 
principal  optical  quantities  that  are  required  to  characterize  a piece  of  electro-optic  hardware, 
design  or  idea,  while  the  second  independent  set  of  variables  will  be  the  meteorologica l 
parameters  that  affect  the  performance  of  that  equipment.  In  an  Idealized  EO-MET  program,  as 
indicated  by  Figure  l,  a data  bank  would  exist  that  would  contain  all  the  necessary  optical  and 
meteorological  data;  with  a particular  piece  of  equipment  in  mind,  we  define  the  important  optical 
and  meteorological  parameters  and  return  to  the  data  bank  for  their  relationship.  If  the  data 
bank  is  not  large  enough,  the  study  itself  mav  need  to  establish  the  required  relationships  > and 
add  the  result  to  the  data  bank).  These  relationships  then  provide  the  basis  for  a "Performance" 
analysis  where  the  concept  of  "per formance"  must  be  carefully  understood.  The  ensuing  study  could 
then  provide  the  operational  limitations  of  the  device  or  idea,  feedback  information  to  alter 
device  design  for  improvement  or  re  lection  of  it;  assuming  the  latter  does  not  instantly  occur, 
the  study  should  produce  recommendations  for  new  EO  designs  if  necessary,  and  for  further 
meteorologlca 1 work. 

(U)  Figure  2 is  an  illustration  of  these  ideas  in  a more  specific  case,  namely  applying  the 
general  ideas  to  the  HEL  weapons  system  (HFLWS)  concept.  This  figure  will  he  discussed  in  more 
detail  later. 

(U)  Just  as  it  is  very  important  to  specify  what  a given  sensitivity  study  is,  it  is  equally 
Important  to  emphasize  what  it  is  not.  The  presentation  made  here  is  not  a systems  ana  lysis  of  an 
HKLWS , nor  ajn  e f feet  tveness  st  udy  of  the  HKLWS  concept  (Wherein  kill  probftbilit  ies,  et<  . ait 

defined).  We  shall  be  more  precise  after  we  have  hail  a chance  to  discuss,  briefly,  the  HELWS 
concept  and  the  basic  features  of  HEL  propagation. 

b . Structure  of  an  HF.LWS 

(U)  A high  energy  laser  weapon  system  (HKLWS)  is  a complicated  entity  consisting  of  many  com- 
ponents  each  of  which  must  perform  intr  ins  lea  1 ly  difficult  tasks  under  short  notice  and  at  high 
speed.  Figure  3 is  a schematic  representat ion  of  what  such  a system  might  he  like.  Such  a 
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diagram  is  very  useful,  even  if  only  tentative,  because  it  provides  a framework  on  which  one  may 
identify  and  discuss,  among  other  things,  potential  component  e lec tro-opt ica 1 systems,  electro- 
optic and  propagation  research  and  development  ideas,  meteorological  research  areas  and  meteoro- 
logical hardware  needs,  HEL  laser  design  needs,  engineering  problems,  command  and  control  hard- 
ware and  software  requirements,  problems  of  system  integration,  and  many  more  items.  While  this 
diagram  is  only  suggestive  and  applies  just  to  HELMS,  similar  such  analyses  can  and  ought  to  be 
performed  in  detail  for  other  electro-optic  weapons  and  systems. 

(U)  The  diagram  indicates  that  the  heart  of  an  HELWS  is  the  command  control  center,  i 
(whatever  that  may  consist  of  and  however  it  may  be  physically  configured).  It  will  receive  long 
range  tracking  data  presumably  from  conventional  radars,  but  possibly  laser  radars  and,  earlier, 
infrared  search  sets  (IRSS).  All  this  information  would  be  gathered  for  each  hostile  aircraft 
approaching  the  mother  vessel  and  the  path  of  each  would  be  determined;  in  the  meantime  c'  would 
return  signals  to  the  detectors  instructing  them  on  what  to  concentrate  or  scanning  rates  to  use, 
ECM  to  employ,  etc. 

(10  Separate  from  the  detection  and  long  range  tracking  would  be  a meteorological  suite.  We 
shall  see  how  wind,  water  vapor  aerosols,  wind  and  temperature  turbulence  and  ship  boundary  layer 
effects  can  or  might  affect  the  instantaneous,  real-time  performance  of  the  HEL  beam  itself, 
while  optical  clutter,  water  vapor,  turbulence  will  affect  IRSS's,  ELIRS  and  other  detection 
imaging  devices.  Generally,  there  will  be  no  feedback  from  to  the  meteorological  suite.  It  is 
most  probable  that  remote  sensing  of  all  these  variables,  if  all  indeed  are  needed,  will  be 
necessary  because  point  measurements  onboard  ship  may  prove  to  be  totally  misleading  due  to  ship- 
board induced  variations  in  all  of  the  meteorological  parameters.  In  addition,  we  must  consider 
the  possibility  of  "slaving"  a meteorological  suite  to  each  HELWS  aboard  ship, 
a 

(l1)  C must  receive  information  from  each  of  the  HEL  devices  onboard  ship,  noting  their 
locations  (which  propagation  has  taught  us  to  be  vital) »*-) , types  (i.e.,  wavelengths,  size, 

beam  shape,  cw,  multiple  pulse, ),  fuel  supply  and  a host  of  other  data  not  of  concern  to  us 

here. 


(lT)  A very  important  component  of  the  HELWS  will  be  the  Navy  Pointer 'Tracker  (NPT)  or  some 
variation  of  it.  C’  will  select  a target  for  each  HELW  aboard  ship  and  command  the  corresponding 
NPT  to  "coarse  track"  Lt,  ultimately  handing  over  to  "fine  track,"  employing  techniques  such  as 
suggested  in  several  AUASAM  (Automatic  Aimpoint  Selection  and  Guidance)  proposals  to  identify  the 
target  at  as  far  a range  as  possible,  select  a vulnerable  spot  or  spots  on  the  missile,  fire  the 
HEL  beam  and  keep  it  on  until  the  missile  has  been  destroyed  or  deflected.  The  NPT  will  use  a 
battery  of  E-0  devices  which  may  include  FLIRS  (near  and  far  IR),  LLTV,  laser  radar,  possibly 
active  FLIRS,  and,  of  course,  the  HEL  beam  itself.  The  NPT  will  be  mechanically  constructed  to 
cover  as  wide  a view  of  the  sky  and  horizon  as  possible,  while  also  maintaining  internal  tem- 
perature, pressures  and  humidities  as  constant  as  possible.  The  exit  port  for  the  high  energy 
laser  beam  will  consist  of  a large  hole  with  an  "air  curtain"  (as  we  see  in  many  modern  office 
buildings)  to  maintain  constant  gradients  in  temperatures  between  the  inside  and  out,  and  to 
prevent  aerosols  and  other  foreign  objects  from  hitting  or  coming  to  rest  on  vital  optical  com- 
ponents. One  of  the  final  mirrors  in  the  optical  train  that  will  carry  the  beam  from  the  laser  to 
the  outside  will  be  "flexible"  so  that  deliberate  distortions  may  be  introduced  into  it,  so  that 
thev  will  undo  the  deleterious  effects  of  the  atmosphere  on  the  beam  as  much  as  possible  3),  a). 

The  method  is  called  adaptive  optics  and  has  already  been  successfully  demonstrated  in  a large 
n vim  her  of  low  power  appl  Icat  Ions  and  in  HU.  simulations. 

(U)  Finally,  the  HELWS  must  have  .»  method  of  damage  assessment;  a rough  measure  of  rime  of 
exposure  to  the  HEL  should  be  predetermined  for  various  ulnerable  spots  and  how  the  missile  will 
>ehave  after  lethal  i « . • th<  item. 


(U)  All  the  information  gathered  by  t • •• 
must  exist,  among  other  thing.,  target  identtfi 
(i.e.,  tac t ica 1 strategy  methods  Sni 't  • ' e 

keeping  track  of  what  condition 
control  (e.g.,  setting  power  md 
mat  ion  with  which  to  do  tin  laser  -off 
estimate  burn  times,  NH  . omUkI  i'  t • b* 
which  missile  should  first  <»  • ••■,■  ■ • 
close-lr  weapons  systems,  nd  .«•••  •. 

HELWS  is  a close-in  weapons  iviir  t-  r 
for  purposes  of  i 1 lust  rat  Ion  * n I v , t 1 «■  t • 
of  the  order  of  IS  so*  ; for  Ma.  ' 1 lio 
as  possible,  1 1 second s , be . i isr  * ••  »•  - 

capital  ships  and  therefore  ■ la*t  w 


• wil  b«*  j uniu‘ led  to  the  ( ' where  there 
ili-i  rlt'nH,  tat  get  selection  algorithms 

«.et  lenitorlng  algorithms  which,  besides 

• u t'  rath  target,  laser  device 

. t'..  i ..i.o  out,  pmpagat  ion  infor- 
at  * t * . i determine  tactical  strategies, 

' • ■.  t*i  tier  mining  which  portion  of 

i «m  t ' . • n r nboard  long  range  and 

If  • « important  t.  recognize  that  an 

• • . ' fi  t ••  i tiers  as  its  ext  re  me  range , 

• t . tL»  t.-fal  m>  a ge-'ient  time  must  he 
• • ft  ion,  ex.M-oite  times  must  he  as  short 
••■!  t • ft  t ifMi  it  r the  defenses  of  the 
«■  ' fiMc  •%  t e titan  tire  target. 


< l')  because  the  ant  l - ship  t t i i se  i - t 


* * i ir,  are  expected  to  be  flat,  i.e.,  at  ■ r 
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about  deck  level,  and  for  reasons  of  propagation  (i.e.,  stagnation  zones)  that  will  not  be 
discussed  until  later,  it  is  felt  that  the  closer  the  NPT’s  are  to  the  stern  of  the  ship,  the 
better  they  can  perform  their  job.  The  meteorological  sensitivity  study  will  raise  questions 
about  this  choice  of  location  as  well. 

c . Synopsis  of  High  Knergy  User  Propagation 

(U)  In  order  to  understand  the  strategy  used  in  the  meteorological  sensitivity  study  and  the 
results  obtained,  a brief  character izat ion  of  the  results  of  HEL  propagation  for  CW  beams  must  be 
provided*).  The  meteorological  phenomena  which  alter  the  structure  of  an  HEL  beam  from  what  would 
have  been  its  vacuum  configuration  are:  1)  wind  velocity;  2)  absolute  water  vapor;  3)  temperature 

turbulence;  4)  aerosols;  and  5)  jitter.  If  we  ignore  temperature  turbulence,  jitter  and  aerosols, 
and  do  not  admit  adaptive  optics,  then  the  results,  assuming  uniform  wind  velocity  and  water  vapor 
(beam  attenuation),  are  easily  described.  The  beam  attenuation  heats  the  air  whose  index  of 
refraction  is  thereby  decreased.  Hence  the  beam  deflects  into  the  wind  and  increases  in  size 
(this  phenomenon  is  called  "thermal  blooming").  Using  the  peak  intensity  in  the  focal  plane  as  a 
measure  of  the  performance  of  an  HELWS  plotted  against  the  power  emanating  from  the  NPT,  Figure  ♦ 
displays  the  main  features  that  always  appear  for  any  beam;  such  curves  are  generally  referred  to 
as  "power  optimization  curves."  Without  thermal  blooming,  the  intensity  on  target  increases  in 
proportion  to  the  power  emanating  from  the  NPT;  because  of  thermal  blooming,  however  a power  is 
ultimately  achieved  beyond  which  any  further  increase  in  aperture  power  causes  more  thermal 
blooming  and  less  peak  intensity  on  target.  Two  curves  are  shown  here,  one  for  zero  slew  rate 
and  one  for  a positive  slew  rate.  Formulae  for  these  curves  can  be  obtained  by  curve  fits  to  the 
data  provided  by  sufficiently  many  computer  runs  and  are  called  "scaling  laws;"  a symbolic 
representation  is  shown  with  the  figure  and  the  function  depends  upon  four  dimensionless 
parameters  - the  distortion  number  N[)  w ~*P/V,  the  absorption  number  ; f,  the  Fresnel  number 
Up  = ks'  ff,  and  the  slewing  number  N w = wf/V.  - and  V are  the  meteorol< gical  variables;  a is  th< 
absorption  coefficient  and  V is  the  transverse  component  of  wind  flow  across  the  beam  (a  com- 
bination of  ship  velocity,  wind  velocity  and  slewing  or  "l -.eking  speed).  The  values  (P,t)  at 
optimum  are  called  optimum  power  PCp  and  optimum  peak  intensity  ICp  and  depend  critically  upon  the 
absorption  and  wind  speed  V . The  present  scaling  laws  placed  the  target  at  the  focal  plane; 

I0p , P0p  are  sensitive  to  this  range  also.  Under  a wide  variety  of  expected  tactical  scenarios, 
pop  has  been  shown  to  vary  dramatically^)  by  several  orders  of  magnitude.  No  laser  can  deliver  a 
peak  intensity  better  than  ICp  - hence  the  laser  will  do  no  better  than  predictions  ado  with  PCp. 
An  important  implication  to  laser  designers  is  that  P must  be  variable  on  an  instantaneous  basis; 
how  variable  it  must  be  and  over  what  range  will  depend  upon  a better  understanding  of  the 
lethality  values  required  by  different  targets,  keep  out  ranges,  last  deposition  ranges,  and 
acceptable  definitions  and  values  for  kill  probabilities.  This  latter  subject  lies  in  the 
province  of  an  effectiveness  study  which  is  not  discussed  here. 

(U)  The  above  propagation  results  are  not  qualitatively  altered  by  the  introduction  i l 
adaptive  optics;**)  the  optimization  phenomenon  still  occurs,  but  a higher  powers  and  yielding 
higher  peak  intensities.  However,  there  are  now  two  scaling  laws  - one  that  describes  the  power 
optimization  curve  and  a second  that  prescribes  the  phase  distortions  that  must  be  applied  t«  the 
adjustable  mirror.  Second  scaling  law  may  be  explicitly  calculated  in  the  "open-loop"  version  of 
adaptive  optics,  or  it  may  become  automatically  developed  in  the  "c losed-loop"  version,  ('MS, 
of  adaptive  procedures.  Our  discussion  has  been  confined  to  CW  high  power  lasers;  the  preparation 

of  high  power  multiple  pulse  beams  will  not  be  treated  here. 

2.  HEL  PROPAGATION  SENSITIVITY  STUDY 

(U)  At  the  request  of  PM-22,  the  Navy  High  Knergy  Laser  Program  Office,  a short  sensitivity 
study  covering  the  NPT  and  the  HEL  beam  was  to  have  been  conducted  over  a period  of  three  months*'). 
One-third  of  the  time  into  the  study,  money  and  manpower  changes  reduced  the  study  group  by  vet 
one-third  and  therefore  only  the  sensitivity  of  the  HEL  beam  was  continued.  The  results  will  be 
summarized  here. 

(U)  As  the  previous  discussion  has  shown,  propagation  seems  still  to  be  a necessary  component 

of  the  information  to  be  stored  in  C-* ; whole  propagation  codes  could  be  stored  there,  but  one 

computation  of  intensity  on  target  at  one  range  would  take  longer  than  the  entire  engagement  time; 
in  addition,  the  propagation  programs  cannot  give,  ah  initio,  the  optimum  laser  power.  In  contrast 
the  scaling  laws  can  give  optimum  power  and  deliverable  intensity  and  beam  size  at  any  range  and 
under  given  meteorological  conditions  in  micro-seconds.  Therefore,  it  has  been  our  hope  anti  our 
strategy  to  determine  whether  or  not  the  scaling  laws  could  be  preserved  in  spite  of  the  meteorol- 
ogical fluctuations  that  occur  in  the  real  atmosphere  which  violate  the  assumptions  upon  which 
the  scaling  laws  were  based. 


(U)  To  accomplish  our  task,  we  had  to  define:  1)  the  threats,  2)  the  scenarios,  1)  the 

weapons  system,  4)  the  prime  electro-optic  intities  under  consideration , 5)  the  meaning  of 
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"performance",  and  then  perform  the  necessary  calculations  to  prove  or  disprove  our  guess. 

(lT)  The  threat  Ls  taken  to  be  an  antiship  cruise  missile  which  flies  "horizontally"  (or  almost 
so)  at  about  deck  height  above  the  average  ocean  surface  at  speeds  from  Mach  l to  Mach  2.5;  the 
lethality  values  for  destruction  of  the  missile  are  of  no  consequence  here  because  of  our 
definition  of  "performance".  The  scenarios,  in  general,  will  have  the  cruise  missiles  attacking 
the  ship  from  any  angle,  but  because  this  leads  to  a very  wide  variety  of  variables,  the  scenarios 
used  here  will  tend  to  bracket  the  "best"  and  "worst"  possible  cases,  as  is  illustrated  in 
Figure  5.  (There  are,  in  fact,  better  cases,  and  there  are  in  fact  many  worse  cases  than  our 
"best"  and  "worst"  cases,  respectively,  but  our  results  will  cover  those.)  The  basic  feature 
about  our  "worst"  or  most  unfavorable  case  is  that  there  is  no  slewing  of  the  beam,  and  the  wind 
and  ship  speed  have  the  tendency  to  cancel  each  other. 

(U)  We  shall  choose  as  our  tentative  weapons  system  a chemical  I)F  laser  with  the  power  output 
in  lines  clustered  about  3.8  k4m  - the  BDL  and  the  NACL  output.  The  weighted  average  absorption 
coefficient  is  about  .05  km”  but  this  will  be  doubled  in  some  of  our  cases.  The  lasers  will  be 
placed,  as  shown  in  Figure  5,  at  the  stern  of  the  ship.  Mirror  diameters  will  range  from  .75  m 
to  1.25  m.  Beam  configuration  will  be  that  of  an  infinite  Gaussian,  a truncated  Gaussian,  or 
uniform  circular  beam,  and  the  NACL  and  BDL  outputs  will  be  used  as  well.  Target  ranges,  and 
therefore  focal  lengths,  will  range  from  .5  km  to  5 km.  The  prime  electro-optic  parameters  of  the 
beam  are:  1)  its  peak  intensity  Ipk  on  target,  2)  its  "area"  on  target  (which  is  related  to 

Ip^),  3)  the  power  P emanating  from  the  NPf,  the  optimum  values  of  these  quantities,  and,  if  we 
were  to  do  effectiveness  studies  the  turn-on  times,  the  burn  times,  and  delivered  fluence.  The 
"performance"  of  the  high  energy  laser  beam  will  be  the  percentage  errors  in  the  critical  optical 
quantities  due  to  percentage  errors  in  the  measurement  of,  or  due  to  fluctuations  in,  the  absorp- 
tion coefficient  (dependent  great Iv  on  water  vapor  density),  the  large  scale  fluctuation  in  the 
transverse  component  of  the  wind,  fluctuations  in  aerosols  and  in  temperature  turbulence.  Thus, 
"performance"  is  the  set  of  values  that  51/1,  *P/P,  5Q/Q  (Q  is  defined  as  fluence),  etc.  can  assume 
for  given  f luctuat tons . Meteorologica 1 data  for  mean  values  of  many  important  meteorolog ica 1 
variables  were  collected  for  the  North  Atlantic  and  the  Eastern  Mediterranean  and  cumulative 
probability  distributions  of  some  of  these  quantities  will  be  discussed  later  in  this  session  by 
B.  Katz.  Fluctuations  about  mean  values  were  chosen  in  accordance  with  the  measurements  made  by 
Kaimal,  et  al,  and  those  assembled  by  them  in  their  ll>72  paper,  which  contained  data  taken  over 
land  and  over  water.  Their  data  were  used  by  us  in  a wav  so  as  to  worsen  our  conclusions;  for 
example,  we  always  selected  unstable  conditions  to  reflect  the  case  of  highest  wind  turbulence. 
Temperature  turbulence  on  the  other  hand  can  be  incorporated  into  the  scaling  laws  in  the  wav 
suggested  by  L.  C.  Bradley  and  independently  confirmed  by  W.  P.  Brown,  Jr.  In  this  study  we  had 

not  the  time  to  deal  with  fluctuations  in  the  turbulence  levels  or  the  aerosols.  (Indeed,  the 

effect  of  aerosols  on  HEL  beams  is  still  being  investigated  by  the  propagation  community.) 

(17)  First  we  note  that  different  tvpes  of  beams  under  what  are  otherwise  identical  conditions, 
will  give  different  results.  Therefore,  the  immediate  question  to  answer  is,  does  each  require  a 
separate  sensitivity  study.  Figure  6 shows  a nomogram  which  gives  M/I  for  various  combinations  of 
cor/u  and  cv/v  where  ^ and  'v  are  taken  to  uniform  errors  in  measurement;  the  effects  of  three 
different  beams  for  which  scaling  laws  were  available  are  indicated  by  the  three  different  kinds 

of  lines  and  it  is  seen  that  no  significant  differences  in  M/i  for  a given  value  of  *v  'v 

appear.  The  propagation  codes  were  used  for  NACL  and  BDL  runs  with  the  result  that  these  beams 
were  slightly  less  sensitive.  For  this  figure,  P was  set  at  Pop,  1 meter  optics,  v=10  msec-,  and 
f : KM;  ^ = .05  ten" * . lence  we  i ironed  lately  have  the  significant  result  t • : . » ; I e sensitivity  ol 
the  beam  performance  does  not  depend  significantly  on  the  beam  shape.  fhis  result  is  •>  ti  n and 
money  saving  result;  we  shall  work,  in  the  case  of  sealing  laws,  with  Gaussian  beams  henceforth* 
Figure  7 shows  the  same  kind  of  plot  for  Gaussian  beams  using,  as  in  the  previous  figure,  the 
worst  case,  but  varying  the  mirror  size  from  .75  M,  1.00  M,  to  1.25  M.  Power  here  was  again 
t\,p  .in.l  R = 1 km.  The  significance  of  this  result  is  that  the  sensitivity  o f the  beam  to  mirror 
size  for  fixed  beam  shape  is  virtually  nil . 

(1J)  Figure  8 compares  sensitivities  at  two  extreme  ranges;  this  shows  that,  although  the 
intensity  on  target  la  highly  attuned  tv  range,  its  "per  formative " or  "sens i t i V i t j is  not 
range  dependent . 

(U)  The  results  implied  Figures  6,7,8  are  slightly  power  dependent,  hut  for  the  region  where 
blooming  is  important,  not  strongly  so. 

(U)  The  same  kinds  of  studies  were  done  using  the  propagation  codes  but  with  velocity 
fluctuations  included;  i.e.,  if  x were  the  direction  down  the  beam,  the  transverse  component  of 
velocity  was  u(x)  * lT  +■  u’(x).  Hero  V is  time  average  and  u'(x)  is  a perturbation  on  it.  u'(x) 
was  chosen  in  conformance  with  the  results  of  Kaimal  , ‘e.t  at  , and  those  whose  work  thev  summarize; 
it  was  chosen  to  worsen  the  thermal  blooming  in  most  instances  by  picking  the  most  unstable  cases 
and  by  choosing  realizations  of  the  wind  turbulence  that  would  be  most  detrimental  to  the  beam. 
These  cases  will  occur  in  reality  with  very  small  probability.  The  results  of  these  studies  gave 
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results  that  never  exceeded  the  results  from  the  one-sided  average  errors  depicted  in  Figure  6,7 
and  8.  Indeed,  the  sensitivity  of  the  beam  in  these  cases  proved  generally  less  than  systematic 
Measurements.  (Details  can  be  found  in  Cordray,  et  al®i)  Long -wave  lengtl  fluctuations,  as  i ■ t 
be  expected,  tended  to  give  results  like  the  one-sided  errors  of  .1  single  sign;  fluct  lations 
linear  dimensions  were  short  compared  to  the  focal  length  cause  errors  in  target  intensit  to 
cancel  one  another  to  a great  degree. 


(U)  The  results  could  be  summarized  by  a formula  derivable  from  the  Gaussian  scaling 


r 


Pop> 


with  - I/I  showing  a slight  power  dependence  away  from  Pop.  'v/v  here  may  be  interpreted  as 
/IV  + U + x wliere  . is  the  variance  in  u(x)  , or  v(v  is  one-sided  error  discussed 
earlier.  The  value  of  /U  ^ .20,  perhaps  up  to  50?  in  extreme  cases,  but  «.  / V + p + ~ y ' 
will  in  general  be  much  smaller  since  the  ship  speed  will  generally  dominate  the  denominator.  At 
close  ranges,  where  is  a fast  function  of  range,  slewing  will  also  dominate.  Conditions  will 

arise  where  V + U + x = 0,  the  so-called  stagnation  zone  condition.  Propagation  in  the 

presence  of  stagnation  zones  is  very  poor;  the  theoretical  predictions  and  experimental  results 
agree  and  have  been  reported  elsewhere8).  The  important  Implication  here  Is  that  the  attack 
geometry  and  meteorological  conditions  cause  a bow  laser  to  be  plagued  by  stagnation  zones  while 
stern  lasers  are  not. 


(U)  The  absorption  coefficient,  coming  into  ‘I/I  in  much  the  same  manner  as  *v  v,  nevertheless 
does  not  have  the  same  importance  as  *v/v  because  5a  /a  ps  down  bv  an  order  of  magnitude  or  more. 

(U)  In  summary , the  conclusion  of  the  HEL  beam  propagation  sensitivity  study  mav  be  quite 
simply  stated  that  fluctuations  of  the  real  wind  across  the  beam  path  do  not  serious  1 v at  If.  t the 
delivered  intensity  on  target.  Concomitantly,  we  may  also  conclude  r ! , a t s v s t oms  a na 1 vTo s , 
effectiveness  analyses,  etc,  whose  results  depend  upon  the  using  of  scaling  laws /pry;/ 
codes  which  do  not  include  velocity  turbulence  will  not  have  their  results  significant ly  altered 
by  the  presence  of  large  scale  velocity  turbulence.  Water  vapor  turbulence  is  wholly  negligible . 

A third  way  of  stating  our  results  is  that  the  beam  will  propagate  well  or  badly  as  det  erm'iTed'  by 
the  average  wind  and  not  affected  greatly  by  wind  fluctuations . 

(U)  It  is  important  to  note  that  we  make  no  statement  about  the  effects  of  fluctuations  in 
temperature  turbulence  (see  C.athman  - these  proceedings l or  of  aerosols.  \%e  also  note  that  we 
have  included  homogeneous  temperature  turbulence  into  the  scaling  laws  by  root  sum  squaring 
the  induced  angular  spread  with  that  due  to  blooming7).  We  do  not  state  here  that  temperature 
turbulence  is  or  is  not  important;  it  will  depend  upon  many  factors  and  must  simple  he  taken  into 
account  as  a fact  of  propagation  life,  adaptive  optics  or  not. 


3.  REC0MMKNDA1 IONS 


1.  (IT)  NPT  sensitivity  studies  must  be  performed.  Design  (performance  studies  on  n.lKS  haw 
already  been  done  (C,  F.  Moser,  P.9))  but  the  specific  instruments  used  in  the  NPT  must  be 
analyzed.  Also  the  AUASAM  techniques  of  target  identification,  target  orientation,  aim  point 
selection  and  maintenance  will,  like  FURS,  be  dependent  on  transmittance  and  especially  on 
turbulence  and  optical  clutter.  Selection  of  a contractor  to  perform  these  studies  has  been  made. 

2.  (D)  Development  of  Scaling  Laws  for; 

a)  stagnation  zone  blooming 

b)  high  dive  attack  angles 

should  continue;  this  kind  of  work  is  presently  going  on  in  the  propagation  communltv  . f Hi  l. 
program  and  is  very  difficult  (to  say  the  least).  However,  the  results  mav  prove  vital  t«  the  use 
of  a potential  bow  laser  may  thus  become  a useful  part  of  a total  1IELWS . 

!•  (U)  Sensitivity  Studies  for  Adaptive  Optics  Methods  are  recommended , both  fen  Ch«  < ; . and 

closed  loop  varLety.  At  first  glance,  this  may  seem  unnecessary  because  the  results  obtained  hove 
probably  apply  to  the  scaling  laws  obtained  with  adaptive  techniques.  However,  there  are  .*thei 

more  compelling  reasons  for  such  a study.  First,  as  has  already  been  noted,  there  is  a 

"scaling  law"  when  deformable  mirrors  are  used  that  may  he  far  more  sensitive  to  errors  a 
fluctuations  in  wind,  attenuation  aerosol  and  turbulence  measurements.  Jocend,  th«-  nluurtj 
which  deform  the  mirror  have  a finite  Inertia  or  response  time  and  finite  deformat Ion  lilt  there 
are  only  a finite  number  of  them.  In  short,  the  real  septem  will  fall  short  of  the  idealized  one, 
so  that  sensitivity  studies  ought  to  bo  done  on  real  systems.  Our  third  reason  has  t«  d<  with 
aerosol  backscatter.  It  has  already  been  shown  W*  that,  for  the  close. 1 c iv\TS  system.  tl«  \‘‘: 


UNCLASSIFIED 


UNCLASSIFIED 


may  be  rendered  quite  low  because  the  backseat  ter  signal  from  ocean  ambient  aerosols  may  be  com- 
parable to  the  diffuse  signal  returned  from  the  target.  Now  what  has  been  neglected  heretofore 
in  propagation  of  HEL  beams  from  a naval  vessel  are  the  effects  of  the  vessel  itself  on  the 
environment.  Two  things  occur  which  are  important  to  adaptive  optics  and  the  N'PT.  The  ship 
creates  a wake  as  it  plows  through  the  water  which  increases  the  aerosol  densities  in  the  ship's 
environs  by  an  amount  which  may  be  several  orders  of  magnitude  over  ocean  ambient  densities^'. 

The  magnitudes  and  size  distributions  are,  at  present,  unknown,  but  the  effect  has  been  seen. 
Secondly,  the  ship  creates  turbulent  atmospheric  boundary  layer  about  itself  which  grows  in  size 
with  ship  speed  and  as  the  stern  is  approached.  For  a 30  KT  carrier  it  is  estimated  to  be 
150  m - 300  m in  radius  at  the  stern  of  the  ship.  This  turbulent  boundary  layer  will  carry  the 
aerosols  upward  into  the  high  energy  laser  beam  exacerbating  any  SNR  problem  the  ambient  aerosols 
alone  would  have  produced.  Indeed,  the  noise  signal  may  be  so  strong  as  to  render  adaptive  optics 
inoperative  (in  the  closed  loop  method).  A second  effect  also  occurs.  There  are  large  temperature 
differences  in  the  air  between  the  bow  and  the  stern  of  any  ship  ^ as  the  air  flows  past 

the  ship,  temperature  eddies  develop  which  cause  refractive  index  f luctuat ion.  As  these  pass  the 
exit. port  in  the  NPT,  they  behave  like  lenses  just  as  ordinary  ambient  turbulence  would.  However, 
their  strength  and  sizes  are  probably  large,  but  unknown.  While  adaptive  optics  are  supposed  to 
correct  for  temperature  turbulent  fluctuations,  there  are  limits  to  a real  system.  Finally  a 
third  effect  should  be  mentioned;  the  NPT  will  have  an  air  curtain  whose  main  functions  are  to 
keep  foreign  objects  off  of  the  optics  and  to  maintain  a constant  temperature  gradient  across  the 
aperture  from  inside  to  out.  With  ship  induced  large  temperature  small  scale  fluctuations,  this 
may  not  be  possible.  Finally,  we  note  that  wind  tunnel  studies  on  the  USNS  HAYES,  the  NRL  research 
vessel,  as  well  as  on  other  ships,  lias  shown  that  wind  reversals  can  take  place  about  the  ship 
because  of  its  structure,  leading  possibly  to  permanent  stagnation  zones  or  wind  reversals.  There- 
fore, while  all  these  effects  lead  us  to  suggest  adaptive  optics  sensitivity  studies,  we  also 
recommend  : 

4.  (U)  A Study  of  Ship  Induced  Meteoro  h-gica 1 Effects  for  the  reasons  cited  above.  The  study 
should  include  velocity  distribution,  temperature  distribution,  aerosols  densities  and  s f ze  dis- 
tributions and  water  vapor  and  all  their  fluctuations  in  the  areas  of  importance  to  any  and  all  E0 
systems  that  might  be  placed  onboard  ship. 

5.  (U)  Acquisition  of  an  Accurate  Larger  Data  Set  of  the  Above  Meteorological  Quantities  for 
the  ocean  ambient  case  (i.e.,  away  from  ship-induced  effects).  These  quantities  should  also  be 
obtained  as  a function  of  altitude  and  cumulative  probabilities  and  joint  probabilities  for  oceanic 
areas  of  particular  interest  could  be  developed  from  the  data.  The  data  can  be  used  to  check 
various  models  and  theories  that  will  help  to  condense  our  knowledge  into  more  manageable  form. 

6.  (U)  Development,  Acquisition  and  l!se  of  Remote  Sensing  Meteoro logica 1 Suite.  The 
meteorologica 1 quantities  that  are  desired  have  been  mentioned  above;  the  data  would  be  of  use  to 
all  types  of  EO  systems  that  compose  the  HKLWS,  and  other  kinds  as  well.  With  the  acquisition 
anil  use  of  such  systems,  meteorologists  can  calibrate  them,  use  them  to  acquire  new  data,  improve 
their  design,  and  provide  experience  and  guidance  to  the  Navy  user. 


4 . SUMMARY 

(U)  We  have  described  some  of  the  progress  that  has  been  made  in  the  understanding  of  the 
propagation  of  HEL  beams  as  an  introduction  of  the  HEL  beam  sensitivity  study.  We  have  shown  that 
large  scale  wind  fluctuation  will  not  seriously  affect  the  results  already  achieved  by  ignoring 
them.  Finally,  we  have  mentioned  a few  new  areas  that  need  investigation.  We  have  seen  that  the 
HELMS  program  is  broad  enough  to  spawn  a whole  array  of  EO-MET  programs  that  can  occupy  the 
attention  of  a large  number  of  E0  and  meteorologica 1 investigators  for  some  time  to  come. 
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A GENERAL  FORMAT  FOR  EO-MET  SENSITIVITY  STUDIES 


SPECIFIC  FORMAT  FOR  HEL  SENSITY  STUDY 


Figure 


Th«*  Pormrtt  of  Figure  1 Applied  Specifically  t<  tin-  HI  I Hoar 
Sensttlvltv  Study.  (U) 
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THE  STRUCTURE  OF  THE  HIGH  ENERGY  LASER 
WEAPON  SYSTEM(S) 


Figure  A Postulated  Structure  oi  an  H&UIS.  (F) 


POWER  (DISTORTION  NUMBER  Nd) 


lpiAA  = 'vAcea;r(ND.N».Nf.Nw) 

Figure  ».  Powwr  Opt  1ml  '.it  Ion  i ur/rs  Derived  ft-’  tin  ! !nvrv  f MK1.  !'«• 

Propa^at Ion.  Opt  Imutn  Powr  and  Intensity  Prints  are  tndi<  >itr<! 

for  both  the  Non-Slowing  iN  =0)  and  Slewing  • isos  N 0».  * 1 ' * 
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